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Since the revision of its optical band gap from 1.9 eV to around 0.75 
eV, InN has received considerable attention to its ability to emit near-infrared 
radiation at around the 1.55 μm region that is essential for fibre-optics 
communication. Nevertheless, InN-based light-emitting or laser diodes are 
currently unavailable commercially due to poor material quality linked to 
difficulties in epitaxial growth by metal organic chemical vapor deposition, 





Also, the optical processes leading to InN’s optical emission are poorly 
understood, especially with regards to its relationship to crystalline quality. To 
address these issues, we have studied the carrier recombination behavior in 
InN through a series of photoluminescence measurements and developed 
improved techniques of InN epitaxy on GaN surfaces.  
The radiative recombination of InN was found to obey a ‘band-to-tail’ 
model, whereby the near-infrared optical emission is primarily due to 
recombination between degenerate electrons in the conduction band and 
photoexcited holes in the tail of the valence band. Non-radiative 
recombination, comprising of Auger and Shockley-Read-Hall processes, 
lowered the internal quantum efficiency of the material to as low as 3%, 
resulting in poor emission intensities at room temperature. Both Auger and 
Shockley-Read-Hall recombination were found to be thermally-activated, with 
Auger recombination dominating at low temperatures. Shockley-Read-Hall 
recombination is more significant in samples of poor crystalline quality, 
resulting in its dominance over Auger recombination at room temperature. 
vii 
 
We have developed several useful growth techniques that led to growth 
of smoother InN material on GaN, along with higher internal quantum 
efficiencies. As InN typically grows in an N-rich condition that is limited by 
the availability of In precursors, decreasing the V/III ratio during growth 
increases the thermodynamic driving force that leads to much higher 
nucleation rates and resulting in better surface coverage. In addition, the high 
surface energies that act as a barrier to nucleation of InN on GaN can be 
reduced by performing an InGaN surface treatment procedure or by using 
nanoporous GaN substrates. Nanoporous GaN was fabricated by the 
electrochemical etching of GaN by aqueous potassium hydroxide in the 
presence of ultraviolet light. The process creates many hexagonal sub-100 nm 
pores in the otherwise smooth GaN surface, which presents numerous surfaces 
for InN rapid nucleation.  
The internal quantum efficiency of InN rises to 20% in samples grown 
on nanoporous GaN. This is attributed to the relief of biaxial stress arising 
from the lattice mismatch between GaN and InN through the lateral 
overgrowth of InN over GaN nanopores. This results in the resultant InN 
having fewer dislocations, which act as non-radiative Shockley-Read-Hall 
recombination centers. Overall, a combination of InGaN preflow, high V/III 
ratios, and nanoporous GaN substrates leads to improved morphology, 
crystalline quality, and optical emission efficiencies, which is vital for future 
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Chapter 1 : Introduction 
1.1. Background 
1.1.1. InN’s band gap controversy 
During the International Workshop on Nitride Semiconductors in year 
2000 (IWN-2000), it was agreed in a private discussion between by V. 
Davydov and F. Bechstedt that InN should have a band gap of less than 0.9 eV 
based on recent theoretical simulation and photoluminescence (PL) results, 
much smaller than the previously-thought of value of 1.9 eV [1]. However, 
their documented reports did not appear in the scientific literature until 2002, 
due to fierce criticism by reviewers in several peer-reviewed journals and even 
from their own colleagues as their findings were considered to be very 
controversial at that time. Eventually, their results were published in the 
Physica Status Solidi (b) and the Journal of Crystal Growth [2-3]. Subsequent 
validation by other groups using single crystalline material (see next section) 
grown by plasma-assisted molecular beam epitaxy (MBE) and metal organic 
chemical vapor deposition (MOCVD) confirmed the optical band gap of InN 
to be at around 0.7 to 0.8 eV [4-5]. The previous large value of 1.9 eV 
measured by optical absorbance using sputtered polycrystalline InN samples 
was attributed to large Burstein-Moss shifts. 
The revised narrow band gap lies in the near-infrared region and has 
generated immense interest in InN over the last decade. It can be seen from the 
Group III nitride material system in Fig. 1-1 that with GaN having a band gap 
of 3.4 eV, alloying InN with GaN can produce an InGaN material system that 
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stretches from the near-infrared to the near-ultraviolet region. These materials 
have a hexagonal wurtzite crystal structure and have direct band gaps 
encompassing the entire visible spectrum, which are potentially useful in new 
applications like phosphor-free white LEDs and full spectrum solar cells [6-7]. 
Band bending near the surface of InN was found to be useful in producing 
terahertz radiation which can used to detect metallic weaponry and chemical 
explosives in security screenings [8]. Also, when incorporated as a channel 
layer in a high electron mobility transistor (HEMT), the resultant two-
dimensional electron gas (2DEG) at an InGaN/InN heterojunction is predicted 




) and saturated drift 
velocities (> 10
7
 cm/s) [9-10], enabling high-speed applications in the next 
generation of GaN-based HEMTs. 
 
Fig. 1-1: The group-III nitride material system, compared to other III-V and 




1.1.2. Recent developments in the epitaxial growth of InN 
Early attempts in InN growth by radio-frequency sputtering produced 





 and were unable to exhibit 
photoluminescence (PL). The films appeared red and were determined to have 
a band gap of around 1.9 eV based on optical absorbance measurements. 
However, the high free electron concentration resulted in very large Burstein-
Moss shifts, where the electrons fill up the conduction band of the material. 
Coupled with oxygen impurities that increased the band gap by essentially 
alloying InN with In2O3, optical absorbance occurred at very large energy 
levels that overestimated InN’s band gap [4]. 
In recent years, improvements in MBE and MOCVD enabled growth 
of black-colored single-crystalline InN with much lower free electron 




). These materials were grown on c-
sapphire or silicon (111) substrates via buffer layers like nitrided sapphire [14-
15], GaN [15-16], and AlN [5, 17]. More information about growth substrates 
and buffer layers will be presented in Section 1.2.2b. These single-crystalline 
InN samples had substantially less Burstein-Moss shifts and were of sufficient 
high quality for PL measurements to be conducted. The developments led to 
InN’s band gap to be revised to around 0.7 to 0.8 eV as described in the 
previous section. 
1.1.2a. Growth by molecular beam epitaxy 
Plasma-assisted MBE is the growth technique that currently produces 
the best growth results for InN. In the process occurring at ultrahigh vacuum 
(~10
-8
 Pa), the indium flux is provided by an effusion cell containing the solid 
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indium source, while the nitrogen plasma source maintains a steady flux of 
nitrogen independent of the growth temperature. The latter is a very 
advantageous characteristic as nitrogen atoms evaporate very easily away 
from the InN crystal lattice at elevated temperatures, resulting in the thermal 
decomposition of InN and very little growth (see Section 1.2.2). At growth 
temperatures of around 450 to 550
o
C, the steady N flux provided during 
plasma-assisted MBE enables fast growth rates of 1 – 3 μm per hour. 
The V/III ratio during plasma-assisted MBE is controlled by the 
relative rates of In and N flux and is very important in determining the quality 
of the material. Initially, N-rich conditions were adopted to prevent InN 
decomposition. However, such conditions limit the surface mobility of 
adatoms during epitaxy as In adatoms are more mobile than N adatoms during 
epitaxy. This results in rough morphologies with r.m.s. roughness ≈ 50 nm 
(Fig. 1-2b) and high dislocation densities [18-19].  
On the other hand, MBE growth under In-rich conditions encourages 
step-flow of adatoms around spirals (Fig. 1-2a), resulting in smoother material 
(r.m.s. roughness ≈ 10 nm) [18]. However, it has the disadvantage of 
producing In droplets in the material. Therefore, in order to produce smooth 
and droplet-free films, most InN growth by MBE is performed at molar flow 
conditions near stoichiometric (1:1) In/N ratios [20]. Recently, In droplets 
were successfully removed during In-rich growth by irradiation with nitrogen 
radicals (Fig. 1-3) [16]. This enabled droplet-free growth under In-rich 




Fig. 1-2: Atomic force microscopy images of InN grown at 450
o
C on GaN 
templates by plasma-assisted MBE under (a) In-rich conditions (In flux = 13.5 
nm/min, N flux = 10.5 nm/min), and under (b) N-rich conditions (In flux = 8.5 
nm/min, N flux = 10.5 nm/min). In droplets were not visible in (a) as they were 
removed after growth using HCl etch. Images taken from Ref [18]. 
 
Fig. 1-3: Scanning electron microscopy images of InN grown by MBE on 
GaN/c-sapphire at 450
o
C under In-rich conditions (a) without and (b) with 
nitrogen radical beam irradiation which removed In droplets, resulting in a 
very smooth InN film of r.m.s. roughness < 1 nm. Images taken from Ref [16]. 
MBE enables growth of thick (1 – 5 μm) and smooth films. The 
growth process could be monitored in situ by reflection high-energy electron 
diffraction (RHEED) which provides real-time information about the growth 
rate and crystal structure. This option is unavailable in MOCVD systems. The 
deposited material is also very pure as MBE uses elemental reactants 
(evaporated In and N plasma), as opposed to more complex reactants in 
MOCVD (trimethylindium and ammonia) that results in hydrogen and carbon-
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based by-products. InN samples grown by MBE have shown to be very useful 
in fundamental investigations regarding p-type doping with Mg [21], and 
electronic structures [22]. 
Despite the advantages of high growth rates and smooth morphologies, 





, which are comparable to those grown by MOCVD [19, 23]. 
This suggests that dislocations may be independent of the growth method, but 
more likely to be determined by other factors like the choice of substrate (see 
Section 1.2.2b). In addition, MBE-grown samples are often limited in 
substrate size (< 1 inch) and have problems with very uneven growth over 
large sample surfaces due to the highly directional nature of material 
deposition. Therefore, it is very difficult to scale up the process for 
commercially-viable production. 
1.1.2b. Growth by metal organic chemical vapor deposition 
Metal organic chemical vapor deposition (MOCVD) is a commercially 
important tool in fabricating III-V materials. For group III nitrides, it enables 
uniform growth on very large substrates of up to 8 inches in the case of 
silicon, which is very useful in high throughput production.   
In the case of InN growth, trimethylindium [(CH3)3In] and ammonia 
(NH3) are delivered to the heated substrate surface, where they undergo 
pyrolysis reactions to generate In and N adatoms to form InN. The low 
thermal stability of InN means that the growth temperature occurs below 
600
o
C, which is much lower than growth temperatures of above 1000
o
C for 
GaN and AlN. This severely reduces the pyrolysis rate of ammonia (further 
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details provided in Section 1.2.2),  limiting the growth rate to about 0.1 to 0.5 
μm per hour [15], which is about ten times slower than with MBE. 
Hydrogen that is released as a byproduct of ammonia pyrolysis is 
believed to be responsible for etching InN during growth and further lowering 
growth rates [24]. In one study, the V/III ratio was adjusted by reducing 
ammonia flow rates, resulting in the growth rate improving from 0.05 μm per 
hour to 0.4 μm per hour when the V/III ratio was decreased from 35,000 to 
5,000 [15]. Further decreases in V/III ratio led to the formation of In droplets, 
which can be avoided by growth with pulses of trimethylindium (TMI) in an 
ammonia background (Fig. 1-4) [25-26]. However, the pulsed growth 
procedure has the adverse effect of causing lower growth rates (≈ 0.1 μm/h) 
due to interruptions to reactant flow. 
 
Fig. 1-4: Scanning electron microscope images of InN grown on GaN/c-
sapphire by MOCVD at 510
o
C at a V/III ratio of 12,460 (a) with constant TMI 
flow and (b) with pulses of TMI flow (36 sec pulse, followed by 18 sec 
interruption). The dark regions in (a) are In droplets. The InN sample in (b) is 
free of In droplets and has a r.m.s. roughness of 9 nm. Images are taken from 
Ref. [26]. 
There are several studies that experimented with alternative precursors 
in MOCVD growth. Hydrazine-based precursors, which have higher pyrolysis 
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rates than ammonia, were used in place of ammonia with the intention of 
providing more N flux than ammonia at the low InN growth temperatures [27-
29]. However, the growth results were very unsatisfactory with numerous In 
droplets and little or no InN grown, possibly due to unwanted side-reactions. 
Alternatively, triethylindium (TEI) was used in place of trimethylindium 
(TMI), which resulted in the doubling of InN growth rates [29]. However, TEI 
condenses more easily than TMI inside the MOCVD inlet pipes and is thus 
more difficult to handle than TMI. 
InN’s decomposition was suppressed by performing growth at very 
high pressures of around 11,000 Torr in another MOCVD study [30], while 
most MOCVD systems elsewhere operate at sub-atmospheric pressures of 
below 700 Torr. These extreme conditions helped prevent nitrogen 
evaporation from InN, enabling growth temperatures as high as 877
o
C and 
V/III ratios as low as 600. It was intended for the high growth temperatures to 
promote surface mobility of adatoms that are useful in obtaining high quality 
smooth films. While the authors did not provide information about the 
crystalline quality of their InN samples, we observe that they have high free 




 and high optical absorbance band 
edges of above 1.0 eV, which can indicate large amounts of impurities and 
defects in the material. 
In another study, an organic halide CBrCl3 was introduced during InN 
growth [31]. At a CBrCl3/TMI molar flow ratio of 9.28, the smoothness of the 
InN layer improved dramatically, with the r.m.s. roughness reducing from 40 
nm (no CBrCl3) to 1.6 nm (Fig. 1-5). This improvement was achieved at the 
expense of the vertical growth rate, which decreased from 0.06 μm per hour to 
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0.01 μm per hour. The CBrCl3 was likely to have functioned as a surfactant 
that limited vertical growth, while enabling horizontal growth to smoothen the 
InN film. 
Despite several technical challenges faced in the MOCVD growth of 
InN, recent developments have shown that some of these difficulties can be 
overcome using suitable innovative approaches. As MOCVD is now routinely 
used in the industrial production of Group III nitride-based white LEDs and 
high power transistors, it can be worthwhile to work on improvements in 
MOCVD growth of InN. 
 
Fig. 1-5: Atomic force microscope images of InN grown by MOCVD on c-
GaN/sapphire at 450
o
C with increasing CBrCl3 flows: (a) Molar flow ratio: 
CBrCl3/TMI = 0, r.m.s. roughness = 40 nm. (b) Molar flow ratio: CBrCl3/TMI 
= 0.02, r.m.s. roughness = 25 nm. (a) Molar flow ratio: CBrCl3/TMI = 0.04, 
r.m.s. roughness = 6.8 nm. (a) Molar flow ratio: CBrCl3/TMI = 9.28, r.m.s. 




1.2.1. InN for optical communications 
The development of infrared optical communication systems over the 
last century triggered the current information age, where the amount of 
information that is created, transmitted, and consumed by humans is 
unprecedented in history. Central to this phenomenon is the ability of silica 
optical fibers to transmit information contained in pulses of infrared light 
reliably over large geographical distances, enabling the proliferation of high-
speed broadband internet networks. Among all the wavelengths of light, 
infrared radiation at 1.55 μm is the most suitable for transmission over long 
distances as it experiences the least attenuation when travelling through silica 
fibers (see Fig. 1-7). Currently, this wavelength of light is provided by 
InGaAsP-based light emitting diodes or laser diodes. 
The release of the iPhone by Apple Inc. in 2007 ushered in the next 
phase of the information age. Its consumer-friendly features led to an 
explosion in demand for digital handheld devices like smartphones and tablet 
computers. Consumers now expect information to be available to them 
anytime and anywhere through these wireless devices, resulting in mobile 
traffic being expected to increase by 12 times between 2012 and 2018 (Fig. 
1-6). Fortunately, this can be accommodated by GaN-based high power 
electronics that enabled reliable and energy-efficient transmission of 
information wirelessly through 3G and 4G radio networks by 
telecommunication base stations. However, the base stations themselves are 
still being connected by optical fiber networks for delivering the infrared 
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signals generated by semiconductor lasers made from arsenide/phosphide-
based materials. The transfer of signals between nitride and 
arsenide/phosphide interfaces may result in energy losses and additional 
hardware requirements. 
 
Fig. 1-6: Trend of global mobile traffic between 2010 and 2018. Image taken 
from Ref. [32]. 
 
Fig. 1-7: Infrared emission from an InN-based LED [33], with its peak 
emission coinciding with point of lowest attenuation in silica fibers [34]. 
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InN also emits infrared radiation over the 1.55 μm region (see Fig. 
1-7). Since it belongs to the same material family as GaN, there is a real 
possibility of monolithic integration of InN-based optoelectronics with GaN-
based electronics. This idea parallels recent efforts at developing dilute nitride 
GaIn(N)AsSb/GaAs lasers that can be integrated with GaAs-based electronics 
and earlier efforts at integrating InGaAsP lasers with InP-based electronics 
[35-37]. An InN/GaN system has the advantage of leveraging on the 
robustness of GaN-based electronics that enables operation under high-power 
and high-temperature conditions. Such an arrangement in an optical 
communication system can enable information be transferred seamlessly from 
wireless signals into optical fibers and can stimulate further innovation 
resulting in significant savings in cost, energy, and device footprint. 
Besides the integration of GaN-based electronics, another advantage of 
using InN for 1.55 μm emission is that it is a binary compound, as opposed to 
quarternary InGaAsP and complex GaIn(N)AsSb materials, resulting in better 
compositional control during material growth and better compositional 
stability after prolonged device operation. In addition, nitride-based 
optoelectronics have demonstrated remarkable resilience to material defects 





, GaN-based white light-emitting diodes are now routinely used in general 
lighting applications. Furthermore, InN is also useful as a less toxic alternative 
to arsenide and phosphide materials, especially when environmental issues 
gain ever increasing importance in our societies. 
In semiconductor lasers, the population inversion of the carriers is 
necessary before optical gain and lasing can take place. With a very small 
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electron effective mass ratio of 0.042  [38-39], which is smaller than the value 
of 0.056 calculated for 1.55 μm-emitting InGaAsP [40], InN has very small 
effective density of states for electrons in the conduction band. Also, InN has 
very large conduction and valence band offsets with GaN at 2.1 eV and 0.5 eV 
respectively [33], much larger than 0.27 eV and 0.28 eV respectively for an 
InGaAsP/InP system [40]. This allows for better carrier confinement in a 
double-heterostructure system. In addition, InN has a high refractive index 
contrast with GaN at (nr,InN – nr,GaN)/nr,InN = 20% (Table 1-1), much larger than 
the corresponding value of 8.5% for the InGaAsP/InP system, enabling better 
optical confinement and waveguiding. These advantages in terms of effective 
masses, conduction band offset, and refractive indices help lower the threshold 
current required for population inversion and lasing to as low as 51 A/cm
2
, as 
predicted for InN-based lasers [41]. This compares well with other emerging 
1.55 μm semiconductor lasers like GaIn(N)AsSb/GaAs which typical have 
threshold current densities larger than 200 A/cm
2
. Lower threshold currents 
can result in energy savings in the resultant optical communication system 
which is very important with ever-increasing demands on bandwidth and 
speed. 
Table 1-1: Selected physical parameters of materials in InN/GaN and 
InGaAsP material systems related to optical emission at 1.55 μm [38-40, 42-
43]. 
 
InN GaN InGaAsP InP 
Band gap (eV) 0.7 – 0.8 3.2 0.8 1.35 




0.042 0.20 0.056 0.076 
Conduction band offset (eV) 2.1 (InN/GaN) 0.27 (InGaAsP/InP) 
Valence band offset (eV) 0.5 (InN/GaN) 0.28 (InGaAsP/InP) 
Refractive index at 1.55 μm, nr 2.9 2.3 3.2 3.5 
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1.2.2. Challenges in the MOCVD growth of InN 
While there has been encouraging developments in the growth of InN 
by MOCVD in recent years, several technical challenges still persist which 
prevent InN from being adopted in commercial devices. Currently, higher-
quality InN samples are grown by plasma-assisted molecular beam epitaxy 
(MBE). However, since MOCVD is more amenable to scaling up for 
industrial production with growth on larger substrates, it may be more 
meaningful to develop better growth strategies with MOCVD, especially since 
it is now routinely used in the production of GaN-based LEDs and transistors. 
1.2.2a. Instability of InN 
InN is grown by MOCVD based on the chemical reaction between 
trimethylindium and ammonia on a heated substrate: 
 (CH3)3In (g) + NH3 (g) → InN (s) + 3CH4 (g)  (1.1)  
The foremost difficulty facing MOCVD-growers of InN is that growth 
typically occurs at temperatures below 600
o
C, which are very low when 
compared to GaN (~1000
o
C) and AlN (>1100
o
C). This is due to the thermal 
instability of InN, which decomposes at temperatures above 600
o
C at 100 
mbar (see Fig. 1-8) [24], where the reaction can be expressed as the following 
chemical equilibrium relationship: 
 InN (s) ↔ In (g) + 1/2N2 (g)  (1.2)  
The low growth temperatures have two important implications: i) The 
pyrolysis rate of gaseous ammonia is reduced, resulting in very low growth 
rates [44-45]. ii) The surface mobility of the adatoms on the growing InN is 
very low, making it extremely difficult to obtain materials of high crystalline 
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quality [46-47], while in the case of GaN growth, a temperature of 1000
o
C or 
higher is necessary for step-flow of adatoms to occur during growth in order to 
obtain high quality smooth films [48]. 
 
Fig. 1-8: Decomposition temperatures of InN at 100 mbar under different 
ambient: hydrogen (top), nitrogen (middle) and in mixed nitrogen ammonia 
ambient (75% ammonia, bottom). Image taken from Ref. [24]. 
 
Fig. 1-9: (left) In droplets formed together with InN (when the growth 
temperature is too low, appearing as the In (101) peak in XRD ω-2θ rocking 
curve scans (right). The InN and In droplets were grown on a 
GaN/AlGaN/AlN/Si(111) template. 
Furthermore, when the growth temperature is too low (< 500
o
C), the 
pyrolysis rate of ammonia becomes too low to generate sufficient N atoms for 
reaction, resulting in the formation of In droplets (see Fig. 1-9) [47]. In 
droplets interrupt the continuity of the InN material and can form short circuits 
in electronic devices. Also, the In droplets appear to draw reactants away from 
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its surroundings, resulting in negligible growth rates around its perimeter [49]. 
InN droplets can be easily distinguished in scanning electron microscopy 
images due to their round appearance, in contrast to the faceted pyramidal InN 
film/islands as shown in Fig. 1-9. It can also be detected using high-resolution 
XRD as an In(101) reflection in an ω-2θ rocking curve scan at ω-2θ = 16.5o as 
shown in Fig. 1-9. To suppress the formation of In droplets, it is necessary to 
increase the growth temperature or increase the flow rate of ammonia gas. 
Since temperature increases are limited by InN decomposition, the latter 
approach is adopted with growth typically conducted at very high V/III ratios 
often exceeding 10,000 [50]. 
Furthermore, hydrogen gas is believed to etch InN under MOCVD 
growth conditions. This is shown schematically in the top part of Fig. 1-8 
where InN was shown to be unstable in the presence of hydrogen at above 
350
o
C, with InN being etched readily by hydrogen according to the following 
reaction: 
 InN (s) + 3/2H2 (g) → In (g) + NH3 (g)  (1.3)  
MOCVD growth of InN is not possible with H2 as the carrier gas [24], 
as opposed to the growth of GaN where the H2 carrier gas is required to 
produce high-quality smooth films. Currently, all successful growth of InN is 
performed using N2 as the carrier gas. The situation mirrors that of InGaN, 
where better growth results were obtained using a N2 carrier gas. In addition, 
as the pyrolysis of NH3 releases hydrogen, the etching of InN by hydrogen sets 
an upper limit to the V/III ratio [51]. It was shown that reducing the V/III ratio 
led to faster growth rates [15, 46], with the further lowering of V/III ratio 
leading to the formation of In droplets due to insufficient NH3 for reaction.     
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Hence, state-of-the art MOCVD-grown InN are typically grown at 550 
to 600
o
C with high V/III ratios (5,000 to 50,000) and using N2 as the carrier 
gas. The narrow range of low growth temperatures poses a formidable 
challenge for future growth improvements. 
1.2.2b. Lattice mismatch in heteroepitaxy 
The epitaxial growth of InN suffers from a large lattice mismatch with 
many substrates. InN has a lattice mismatch of 34.5% and 8.5% with c-
sapphire and silicon (111) substrates respectively. Since the lattice mismatch 
with silicon is smaller than that of sapphire, it may be appealing to perform 
growth on silicon. However, ammonia gas reacts with silicon to form 
amorphous silicon nitride at the surface that inhibits the heteroepitaxy of InN. 
In the growth of AlN on silicon, the silicon nitride growth is routinely avoided 
by covering the surface with a few monolayers of Al via a preflow of 
trimethylaluminum (TMA) before introducing ammonia gas to grow AlN. 
However, In does not wet the Si surface as well as Al. Instead, the preflow of 
trimethylindium (TMI) forms In droplets that do not cover the silicon surface 
completely in order to prevent silicon nitride formation (Fig. 1-10).  
 
Fig. 1-10: Amorphous SiNx formed during an attempt to grow InN directly on 
Si (111) with preflow of TMI. 
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On the other hand, direct growth on sapphire presents a different set of 
problems. If the lattice mismatch is calculated in an alternative way shown in 
the right-most column of Table 1-2, the lattice mismatch of InN with the 30
o
 
rotated sapphire lattice (-28%) and the un-rotated sapphire lattice (25%) 
appear to be similar in magnitude. This causes the growth of mixed-phases of 
InN in which the phase boundaries may hinder performance in device 
applications [14, 52]. Moreover, the dissimilarity between the atomic positions 
in wurtzite InN and rhombohedral sapphire, in addition to its very large lattice 
mismatch with InN, makes direct growth very challenging. 
Table 1-2: Lattice mismatch of relevant substrate materials with c-InN (In-











Si (111) 3.840 8.5% 7.9% 
c-sapphire 4.758 34.5% 25.6% 
c-sapphire (Rotated by 30
o
) 4.758/√3 -22.4% -28.8% 
c-AlN 3.112 -12.0% -13.7% 
c-GaN 3.189 -9.9% -10.9% 
*Alternative way of calculating mismatch frequently found in literature 
 
Therefore, the growth of InN on silicon or sapphire substrates is 
typically performed via a wurtzite III-N buffer layer. Initially, sapphire 
substrates were nitrided prior to growth to produce a few monoloyers of 
single-phase AlN for InN growth [50]. As the growth of GaN on sapphire 
substrates improved dramatically over the years with thick and high quality 
smooth films now easily obtained, growth of InN on sapphire substrates is 
now mostly performed with a GaN buffer layer of a few µm thick [53]. For 
silicon, AlN is typically used instead. However, GaN and AlN have large 
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lattice mismatches of -10% and -12% respectively with InN, resulting in the 
generation of many misfit dislocations in the growing InN film with densities 




. Growing an additional InGaN buffer layer may help 
reduce the lattice mismatch, but may not reduce the dislocation densities 
appreciably due to the poor quality of most In-rich InGaN films. Apart from 
dislocation densities, the large lattice mismatch contributes to high interfacial 
energies that inhibit the wetting of the surface by InN [54]. This results in the 
three-dimensional growth of rough InN films that may be difficult to fabricate 
into functional devices. 
1.2.2c. Unintentional n-doping 
InN samples grown by MOCVD typically have very high background 




 even without intentional doping 
[23]. This situation presents considerable difficulties to p-doping, which is 
necessary in creating p-n junctions suitable for applications in LEDs, lasers, 
and solar cells. It is also indicative of large concentrations of ionized 
vacancies which can reduce carrier mobilities through ionized scattering.  
The high free electron concentration is widely believed to have been 
contributed by shallow donors like nitrogen vacancies [55]. Nitrogen 
vacancies are likely to be present at large concentrations due to the thermal 
instability of InN. InN has a very high equilibrium nitrogen partial pressure of 
70 bar at 600
o
C [56], which is about 10
6
 times higher than that of GaN as 
shown in Fig. 1-11. This causes N atoms to easily evaporate away from the 
InN lattice at elevated temperatures and sub-atmospheric chamber pressures 
during MOCVD growth. Nitrogen vacancies can act as donor centers as 
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unbound electrons from the corresponding In atoms are available as free 
electrons. 
 
Fig. 1-11: Melting points of Group III nitrides and equilibrium N2 pressures 
from high pressure experiments and theoretical calculations. Image taken 
from Ref. [56]. 
The high electron affinity of InN creates surface states that form an 
accumulation layer of electrons near the surface [57], where the electron 




 as shown in Fig. 1-12a. As a result, 
thinner films tend to have higher Hall concentrations due to more contribution 
from the surface (as opposed to from the bulk material) during Hall 
measurements (Fig. 1-13). Thicker films with lower Hall concentrations are 
more easily grown using plasma-assisted MBE as its growth rate is much 
faster than with MOCVD, due the latter process being hindered by low NH3 
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pyrolysis rates. The low NH3 pyrolysis rates could also have resulted in 
insufficient nitrogen flux creating more nitrogen vacancies, resulting in 
electron concentrations in MOCVD-grown films being slightly higher than 
MBE-grown films of the same thickness (Fig. 1-13). Nevertheless, free 





, even in very thick films of several microns. 
 
Fig. 1-12: Calculated band diagram and associated carrier concentrations 




 in (a) and (c) 




 in (b) and (d). 




) is negligible, 
hence it is not pictured. Figures taken from Ref. [57]. 
Films with higher free electron concentrations usually have lower 
electron mobilities (Fig. 1-13) [23], probably due to increased scattering by 
ionized donors, resulting in the electron mobility at room temperature not 
exceeding 4000 cm
2
/Vs [58]. Most studies on relatively good quality MBE- or 
MOCVD-grown samples report mobilities at around 1000 to 2000 cm
2
/Vs 







is expected to increase the electron mobility dramatically to 14,000 cm
2
/Vs 
[59], leading to possible applications in high-speed electronics. 
 
Fig. 1-13: Hall mobility and carrier concentration of InN layers grown by 
both MBE and MOCVD techniques, as a function of film thickness. Mobilities 
are mostly comparable for both techniques for the same thickness while 
MOCVD layers exhibit higher free electron concentration. Image taken from 
Ref. [23]. 
1.2.2d. Summary of InN growth challenges by MOCVD 
Before InN can be utilized in practical applications, it needs to 
overcome three main challenges related to MOCVD growth: i) The instability 
of InN necessitates a narrow range of growth temperatures of 550 – 600oC and 
very high V/III ratios of 5,000 – 50,000. ii) Poor growth directly on silicon 
(111) and c-sapphire substrates means that InN is usually grown via GaN or 
AlN buffer layers. These buffer layers are of poor quality when compared to 
silicon and sapphire and together with their large lattice mismatches with InN, 
generates numerous dislocations and pose difficulties to growing a smooth 
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film. iii) The high background electron concentration contributed by nitrogen 
vacancies makes p-doping very challenging and is indirectly responsible for 
much lower-than-predicted electron mobilities. 
These demanding growth challenges result in state-of-the-art InN 
materials having many defects like dislocations and nitrogen vacancies that 
hinder its adoption in optoelectronics. Therefore, it is worthwhile to conduct 
fundamental research into these growth issues and learn how they impact the 
optical emission properties of InN while devising appropriate solutions. 
1.3. Objectives 
While InN has exciting prospects in infrared emission applications at 
the 1.55 μm region, it faces considerable challenges related to difficulties with 
MOCVD growth. Keeping in view of possible integration with GaN-based 
electronics, we focused on growing InN on GaN epilayers, which were in turn 
primarily grown on c-sapphire substrates. With improvements in GaN epitaxy 
on silicon (111) [60], which is cheaper and available in larger wafer sizes that 
are useful in high throughput production, the cost of InN-on-GaN epitaxy is 
also expected to be reduced accordingly. To bring InN closer to device 
applications, we have identified several issues in need of better understanding 
and improvement: 
 Grow InN with smoother morphologies 
 Improve understanding of InN’s carrier recombination processes 
 Reduce dislocation densities 
 Reduce background carrier concentration 
These issues will be explored in the thesis in detail. 
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1.4. Major Contributions 
Several breakthroughs were achieved as the result of our research in 
this topic. The following are our contributions to the field: 
(i) Studied InN’s Auger recombination behavior and found that it limited 
the internal quantum efficiency of the material to below 25% at room 
temperature. This was achieved by performing photoluminescence 
measurements at different temperatures and laser excitation powers. 
(Reported in Ref. [61]: Seetoh et. al. (2013), Appl. Phys. Lett., 102 (10), 
p. 101112) 
(ii) Reduced non-radiative recombination in InN significantly by performing 
growth on nanoporous GaN substrates, resulting in substantial 
improvements in its internal quantum efficiency. 
(Reported in Ref. [62]: Seetoh et. al. (2013), Appl. Phys. Lett., 103 (12), 
p. 121903)  
(iii) Explained the blue-and-then-red shift in InN’s PL spectrum with 
temperature by deriving a suitable PL lineshape model that was used to 
analyze InN’s PL spectra rigorously. The temperature-induced spectral 
shifts were caused by the filling of band tails in the valence band, along 
with the Varshni shrinkage of the band gap with increasing temperature. 
(Reported in Ref. [63]: Seetoh et. al. (2013), Phys. Status Solidi B, 250 
(7), p. 1572) 
(iv) Enabled growth of InN with smoother morphologies by performing 
growth using nanoporous GaN substrates. 




1.5. Outline of thesis 
With optoelectronic applications in mind, we have identified and 
addressed several important growth challenges involving InN. Our findings 
are discussed in the rest of the thesis in the following order: 
In Chapter 2, the main experimental tools will be introduced, with the 
emphasis on material growth by MOCVD, PL measurements, and the UV-
assisted electrochemical etching of GaN. 
In Chapter 3, the MOCVD growth experiments of InN are outlined and 
discussed.  
In Chapter 4, steady-state photoluminescence measurements are 
discussed, together with their ability to study carrier recombination behavior 
in InN. By studying the shape, position, and intensity of photoluminescence 
spectra taken at different temperatures and laser excitation power, important 
information about InN’s radiative, Shockley-Read-Hall, and Auger 
recombination were obtained. 
In Chapter 5, the nucleation behavior of InN on GaN was examined 
theoretically and experimentally. The V/III ratio and InGaN surface treatment 
of GaN during MOCVD growth was found to have great influence on InN’s 
nucleation and growth. 
In Chapter 6, an ex situ technique of creating nanopores into an 
otherwise smooth GaN template before MOCVD was studied. The benefits of 
using nanoporous GaN substrates on InN’s morphology and internal quantum 
efficiencies are discussed. 
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Chapter 2 : Experimental tools and procedures 
In this chapter, the main experiment tools involved are introduced. The 
first part describes the metal organic chemical vapor deposition (MOCVD) 
process that is used to grow the III-N materials, followed by a discussion 
about the low-temperature photoluminescence (PL) system. The UV-assisted 
electrochemical (UVEC) etching procedure adopted for fabricating 
nanoporous GaN templates is then described, followed by an introduction to 
various imaging techniques like electron microscopy and atomic force 
microscopy. The chapter is then completed with a brief description of high 
resolution X-ray diffraction (XRD), which is very useful for analyzing the 
structural quality of crystalline materials. 
2.1. Metal organic chemical vapor deposition 
Over the years, metal organic chemical vapor deposition (MOCVD) 
has developed into a commercially-important tool for the growth of high 
quality III-N materials. Its capability for growth on large substrates of up to 8 
inches in the case of silicon is very useful for high-throughput production, 
giving it an advantage over other growth techniques like molecular-beam 
epitaxy (MBE). Also, its ability to create abrupt interfaces in InGaN-based 
LEDs and AlGaN-based HEMTs makes it preferable to hydride vapor phase 
epitaxy in device fabrication. In our MOCVD system, the group-III metals are 
introduced in the form of metal organic precursors – trimethylaluminum 
(TMA), trimethylgallium (TMG), and trimethylindium (TMI). The metal 
organic vapors are delivered into the reaction chamber via a carrier gas (H2 or 
N2) separately from NH3 gas, with which they react on the heated substrate 
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surface to form the III-N material. The reaction is described as follows in the 
case of InN growth: 
 (CH3)3In (g) + NH3 (g) → InN (s) + 3CH4 (g) (2.1)  
where the as-grown InN can decompose according to the following 
equilibrium relationship: 
 InN (s) ↔ In (g) + 1/2N2 (g)  (2.2)  
The forward reaction in Eq. (2.2) is strongly-enhanced at higher temperatures, 




Most of the III-N samples described in this thesis were grown using an 
Emcore D125 system, with a few grown by an Emcore D180 system. In these 
vertical-flow systems, the substrate is held in a boron nitride wafer carrier that 
is heated up by two metal filaments. The D125 system enables growth on up 
to three 2-inch wafers at a time, while the larger D180 system can 
accommodate seven 2-inch wafers. The wafers are aligned in a ring, 
equidistant from the center of the wafer carrier and the temperature of the 
surface is monitored by pyrometry.  
The gaseous reactants enter the reaction chamber at about 10 cm above 
the wafer carrier. The wafer carrier rotates rapidly at 1000 rpm to generate a 
reaction boundary layer for mass transfer to occur uniformly across the 
substrate between the gaseous and solid phases. The important adjustable 
parameters in this procedure are substrate temperature, flow rates of metal 
organic sources and NH3, and chamber pressure. A picture of the D125 
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MOCVD system located at the Centre of Optoelectronics, National University 
of Singapore is shown in Fig. 2-1. 
The growth process was monitored in situ by reflectivity 
measurements. During MOCVD growth, the surface of the rotating wafer 
carrier that contains the sample was probed by a white light source that emits a 
broad spectrum at optical wavelengths of 400 to 1000 nm. The intensity of 
reflected light was measured at the 700 nm region during growth. A typical set 
of reflectivity measurements is presented in Fig. 2-2, where InN was grown on 
GaN/c-sapphire substrates at different V/III ratios for 40 min.  
Before growth begins, the sample was heated to the growth 
temperature of 580
o
C with nitrogen and ammonia gases flowing at 7 slm and 
18 slm respectively. InN growth commenced with the introduction of TMI at 
25 sccm as shown in Fig. 2-2a, which caused the reflectivity to increase as In 
adatoms coat the wafer carrier and the sample surface. The reflectance 
subsequently decreased steadily as InN nanoislands grew on the surface and 
absorb light that is otherwise reflected, resulting in lower reflectivity in the 
measurements. At the end of growth, discontinuous InN nanoislands were 
obtained (Sample C1). 
During the growth of Sample C3 as shown in Fig. 2-2b, the TMI flow 
was increased to 90 sccm, resulting in the V/III ratio decreasing from 55,000 
to 15,000. Consequently, the growth rate increased and the reflectivity 
decreased more rapidly. The reflectivity stopped declining after about 20 min 
of growth, which is likely due to the sample surface being completely covered 
with InN. In that case, further growth of 20 min resulted in the thickening of 
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the InN film which does not cause the reflectance to drop further. Images and 
further details of the morphology of Samples C1 and C3 are provided in 
Chapter 5, Fig. 5-5, while detailed descriptions of MOCVD growth 
experiments and samples are provided in Chapter 3.  
 
Fig. 2-1: (a) The Emcore D125 MOCVD system. (b) Samples are introduced 
into the growth chamber via a sample load lock to prevent contamination of 
the growth chamber. The gaseous reactants enter the chamber from the top 
via several inlets. 
 
Fig. 2-2: Reflectivity of the wafer carrier (with GaN/c-sapphire substrates) at 
700 nm during MOCVD growth of InN. Growth occurs when TMI flow is 
introduced, with ammonia and nitrogen gas flowing in the background. (a) 
Slow growth rate of InN nanoislands at V/III ratio of 55,000 – Sample C1. (b) 
Fast growth rate of InN film at V/III ratio of 15,000 – Sample C3. Further 




2.2. Photoluminescence measurements 
Photoluminescence (PL) measurements are invaluable in studying the 
light-emitting properties of direct band gap semiconductor materials. It is 
especially important in optoelectronics as it allows contactless and non-
destructive analyses of the luminescence characteristics of a material prior to 
device fabrication. In the process shown schematically in Fig. 2-3, a laser 
beam with photon energy greater than the band gap of the sample material is 
used. When the laser beam is focused on the sample, electron-hole pairs are 
generated. They subsequently relax and recombine near the band edges, 
producing luminescence which can be measured and presented in the form of a 
PL spectrum using a suitable grating-monochromator coupled with a detector. 
The PL spectrum corresponds to electronic states around the band edges and 
can be interpreted using appropriate theoretical models, allowing the inference 
of important information about the band gap, band tails, impurity states, and 
density-of-states.  
We have conducted steady-state PL measurements with optical 
excitation by a continuous-wave 647-nm Ar laser. The laser beam was passed 
through a beam chopper operating at 277 Hz, which is linked to a lock-in 
amplifier that effectively eliminated unwanted signals from the background. 
The laser beam was then focused on to the sample at an oblique angle with a 
spot size of about 4 mm
2
. Light that was emitted from the sample as the result 
of radiative recombination was focused and analyzed by an appropriate 
monochromator/detector system. A schematic diagram of the PL measuring 




Fig. 2-3: Photoexcitation of charge carriers which subsequently relax 
energetically and undergo Auger, Shockley-Read-Hall (SRH), and radiative 
recombination near the band edges of a semiconductor material. The radiative 
recombination results in PL emission. 
 
Fig. 2-4: Schematic diagram of the PL measurement system. 
The samples were cooled in a close-cycle helium cryostat across a 
range of sample temperatures from 5 K to 300 K. To facilitate the cooling 
process, the sample is attached to the cooling stage using thermal glue. The 
intensity of the laser was also varied from 0.12 W/cm
2
 to 2.50 W/cm
2
. Further 
increase in the laser power was avoided because the laser beam would have 
been too intense for safe operation. Safety goggles were required to be worn to 
protect the eyes of the user against the laser.  
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 PL spectra obtained at different temperatures and laser excitation 
powers were analyzed collectively to derive useful information about radiative 
recombination, non-radiative Auger recombination, and non-radiative 
Shockley-Read-Hall (SRH) recombination, all of which will be discussed in 
detail in Chapters 4 and 6. 
2.3. UV-assisted electrochemical etching of GaN 
GaN can be chemically-etched under the illumination of ultraviolet 
(UV) light, creating nanopores in an otherwise smooth and planar film.  GaN 
films (4 µm thick) were grown on c-sapphire wafers. The GaN films were 
doped using silane towards the end of the growth, resulting in a topmost n-





 (mobility 172 cm
2
/Vs), as determined using Hall measurements. 
The doping is necessary to produce a conducting material for electrochemical 
etching later. 
The n-GaN films were then etched in 5M aqueous KOH while 
illuminated by a 400 W ultraviolet lamp and under a supply voltage of 63 V, 
by which the electrical current that flows through the film decreases from 0.2 
mA/cm
2
 to 0.02 mA/cm
2 
over the etching duration of 1 hr. A special housing 
was used to spatially separate the electrical connections from the aqueous 
KOH and has an opening at the top allowing UV light to shine on to a 
designated region on the sample (Fig. 2-5). The UV light breaks bonds in 
GaN, forming electron-hole pairs that participate in the redox reactions 
involving the GaN anode and a platinum cathode. GaN is oxidized by the 
photoexcited holes and dissolved by KOH as Ga(OH)3 [64-65]: 
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 2 GaN (s) + 6 OH
-
 (aq) + 6 h
+
 → 2 Ga(OH)3 (aq) + N2 (g) (2.3)  
while the photoexcited electrons are removed by the reduction of water at the 
platinum cathode: 
 2 H2O (l) + 2 e
-
 → H2 (g) + 2 OH
-
 (aq) (2.4)  
 
Fig. 2-5: Schematic diagram of the experimental setup used in the UV-assisted 
electrochemical etching of GaN to produce nanopores. 
GaN films consist of columnar grains and the centers of these grains 
are etched in preference to the boundaries [66-68], resulting in a network of 
nanopores of diameters 100 nm or less (Fig. 2-6a). The hexagonal shapes of 
these nanopores reflect the hexagonal faces of the initial grains facing the c-
direction of wurtzite GaN. The depth of the nanopores corresponds to the 
depth of n-type material. The ultrathin boundaries of the GaN nanopores are 
annealed at elevated temperatures and the nanoporous structure can therefore 
be used as a strain relieving substrate for the epitaxial growth of other III-N 
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materials [66, 69]. The UV-assisted electrochemical process is illustrated in 
Fig. 2-6. 
 
Fig. 2-6: (a) SEM image of hexagonal nanopores formed in GaN after UV-
assisted electrochemical etching with aqueous KOH. (b) – (d) Illustration of 
the electrochemical etching mechanism. Point (1) indicates the dissolution of 
GaN. Point (2) indicates that the etching occurs predominantly at the crystal 
grains and not at the dislocations. Point (3) indicates nanopores being left 




2.4. Imaging tools 
Field emission scanning electron microscopy (SEM) was performed 
using the JEOL JSM 6700F system (Fig. 2-7a). It has a conical cold cathode 
field emission gun and operates at ultra-high vacuum (below 5.14 x 10
-4
 
mbar), in contrast to thermionic emission systems that tend to produce noisier 
images. Imaging was performed at 5 kV, at which a beam of electrons 
generated by field emission is scanned across the surface of a sample. The 
resultant secondary electrons emitted from the sample are analyzed by a 
detector. These signals provide good topographic contrast and are very useful 
in creating images of nanostructures at resolutions as low as 2 nm. An 
example of an SEM image is provided in Fig. 2-7c. 
Atomic force microscopy (AFM) was also performed to analyze 
nanostructures on planar substrates. Measurements were performed using a 
silicon AFM cantilever tip at tapping mode, where the oscillating AFM 
cantilever tip repeatedly strikes and leaves the sample surface while being 
moved across the surface in a line-by-line scan. The height position, 
amplitude, and frequency of these oscillations are detected by a laser beam 
focused on the edge of the cantilever. Of particular interest are the topography 
images that are obtained from measuring the height position (Fig. 2-7d). These 
images contain quantitative height data across the scan area which can be very 
useful in analyzing size distributions of nanostructures. Such information 
cannot be obtained from SEM. Two AFM systems were used: the Veeco DI 
Multimode (Fig. 2-7b) and the Bruker Dimension Icon. Both systems yield 
comparable results for the samples discussed in this thesis, with the Icon 
system being able to accommodate larger sample sizes. 
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Transmission electron microscopy (TEM) was also performed on 
selected samples for detailed analysis of their crystal structure and chemical 
compositions at very high spatial resolutions. A JEOL 2100 TEM system (Fig. 
2-8a) was used for imaging at an accelerating voltage of 200 kV resulting in 
spatial resolutions up to 0.14 nm. It is also coupled with an Energy Dispersive 
X-ray spectroscopy (EDX) mapping system that allows spatial analysis of 
chemical composition (Fig. 2-8b).  
 
Fig. 2-7: (a) The JEOL JSM 6700F field emission scanning electron 
microscopy (SEM) system. (b) The Veeco DI Multimode atomic force 
microscopy (AFM) system (Picture taken from http://www.imre.a-star.edu.sg). 
Images from a sample of InN nanoislands grown on GaN/sapphire (Sample 




Fig. 2-8: (a) The Jeol 2100 TEM system. (Picture taken from 
http://www.jeolusa.com). (b) TEM image of an InN nanoisland (Sample A3, 
see Appendix A1) grown on GaN (top) and its corresponding EDX map 
(bottom) that shows the distribution of In (red) and Ga (atoms). 
As electrons pass through a sample, it undergoes diffraction with the 
crystal planes and collision with the atoms in the sample. Images and 
diffraction patterns formed by the transmitted electrons therefore contain very 
useful information about the dislocations, crystal structure, and chemical 
composition. In order to allow sufficient transmission of electrons, the sample 
must be sufficiently thin (< 1 μm thick). This is achieved by a tedious set of 
procedures involving mechanical grinding, dimpling, and ion beam milling. 
2.5. High resolution X-ray diffraction 
X-ray diffraction (XRD) is very useful in analyzing the periodic 
structures presented by crystal planes in a crystalline material since the 
wavelength of the X-rays λ (1.5406 Å) is comparable to the distance between 
lattice planes d of most semiconductor materials. The diffraction follows 
Bragg’s law where ndλ = 2dsinθ, with the X-ray beam that arrives at a Bragg 
angle of θ to the crystal plane being effectively reflected at the same angle. 
This happens because the scattered X-rays interfere constructively at this 
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angle. Integer orders of nd are possible, but usually the strongest intensity at nd 
= 1 is considered for XRD analysis.  
A high-resolution XRD system (PANalytical X-pert Pro-MRD) was 
used to study the crystalline quality of the single-crystalline III-N samples. 
This high resolution system has a monochromator consisting of a “4 x Ge(440) 
crystal” that releases a narrow and parallel X-ray beam at uniform 
wavelengths suitable for studying single-crystalline materials. The X-ray beam 
strikes the sample at an angle ω and the diffracted beam is collected and 
analyzed by the detector positioned at an angle 2θ between the incident and 
diffracted beams. The geometry of XRD is presented in Fig. 2-9. 
 
Fig. 2-9: Geometry of X-ray diffraction. The incoming X-ray beam strikes the 
crystalline sample’s surface at an angle ω. The diffracted beam leaves the 
sample an angle 2θ from the incident beam and is collected by a detector. The 
sample can be rotated along the ω, χ, and  axes. The  axis is the sample’s 
surface normal, while the χ axis is the line of the X-ray’s path projected onto 
the plane of the sample. 
XRD is performed by measuring the intensity of the diffracted X-ray 
beam as a function of a rotated angle, in which the sample can be rotated about 
an axis perpendicular (ω) or parallel (χ) to the diffracting plane, and also about 
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the sample’s surface normal (), or with the detector arm moved relative to the 
source (2θ). The most common scans reported in literature involving 
semiconductor crystals are: i) the ω-2θ scan, which is performed by increasing 
the ω angle by one degree for every two degrees of 2θ, and can be used to 
measure the lattice spacing of samples containing multiple layers of different 
crystalline materials, which leads to information about their chemical 
compositions; and ii) the ω scan about a diffraction point, where the sample is 
rocked about the ω axis with the positions of the X-ray beam and detector 
being fixed. The linewidth of the ω scan broadens in response to lattice tilt and 
twist, which are typically caused by dislocations in III-N materials. Detailed 
information on how to estimate dislocation densities from ω scans is provided 
in Appendix A2.  Both  ω-2θ and ω scans about (00l) planes in c-oriented III-
N materials are frequently referred to as ‘rocking curve’ scans in literature, 
which unfortunately leads to confusion as these two scans describe different 
properties. 
Before XRD measurements are performed, it is important to align the 
X-ray source, detector, and sample correctly by calibrating their positions at 
the zero 2θ position. Also, the sample must be attached securely onto the 
sample stage in order to eliminate unwanted movement during measurements. 
Since the X-rays are a form of ionizing radiation, protective measures 
involving dosimeters, detectors and shutter systems are essential. Overall, 
XRD offers a non-destructive approach to studying the crystal structure of a 
material, as opposed to transmission electron microscopy which requires 
extensive sample preparations.   
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Chapter 3 : Growth of InN by MOCVD 
3.1. Introduction 
The epitaxial growth of InN on GaN was performed by MOCVD. A 
series of growth experiments was designed with the intention to solve some of 
the problems highlighted in Section 1.2.2. The chapter begins by introducing 
several theoretical concepts and experimental techniques that are useful in 
improving the crystalline quality of InN grown on GaN. After that, growth 
experiments involving various surface treatments and V/III ratios will be 
described. 
3.2. Important considerations 
3.2.1. Controlling morphology of InN grown on GaN 
The morphology of InN has to be improved in order to obtain smoother 
films that are more amenable for device fabrication. Due to the large 
interfacial energy contributed by the large lattice mismatch of 10% between 
InN and GaN, InN grows via a Volmer-Weber mechanism (Fig. 3-1b) where 
three-dimensional islands nucleate on the GaN surface and coalesce into a 
rough film (r.m.s. roughness > 20 nm) [25, 71-72]. In order to reduce film 
roughness, it is advantageous to design growth conditions that promote rapid 
nucleation of small islands that can coalesce into a smooth film.  
Nucleation involves the competition between the thermodynamic 
driving force that causes a negative change in free energy per unit volume ΔGv 
and the energy σ per unit area required to create new surfaces [73]. In the 
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simplified case involving the homogeneous nucleation of a sphere, its free 
energy of formation ΔG is given by: 
    
 
 
          
   (5.1)  
By taking dΔG/dr = 0, the critical radius r* of a nucleus beyond which 
it is energetically stable for further growth is: 
     
  
   
 (5.2)  
and the activation energy required to form a nucleus with this critical radius is 
ΔG*=16πσ3/3ΔGv
2
.Therefore, increasing the driving force and reducing the 
surface energy enables the growth of smaller islands by reducing r
*
. The 
nucleation rate N is related to ΔG* by: 
       
    
   
  (5.3)  
where N increases exponentially when ΔG* is lowered, which again occurs by 
increasing the driving force and reducing the surface energy. N can also be 
enhanced by increasing T, which is not suitable in the case of InN growth 
where InN decomposes and desorbs easily at elevated temperatures. 
 
Fig. 3-1: Schematic representations of (a) Frank-van-der-Merve growth – a 
layer-by-layer growth mode, (b) Volmer-Weber growth – three-dimensional 
growth of islands, and (c) Stranski-Krastanov growth, where islanding occurs 
after a several layers of layer-by-layer growth. Image taken from Ref. [74]. 
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Assuming an analogous situation occurs with the heterogeneous 
nucleation of InN on GaN [73], the thermodynamic driving force ΔGv can be 
increased by adjusting the growth temperature or the V/III ratio. Given the 
very narrow temperature window available for InN growth (see Chapter 1, 
Section 1.2.2), the V/III ratio is a more meaningful adjustable parameter. 
Changes in the V/III ratio will affect the chemical potential of the MOCVD 
reactants, resulting in changes in ΔGv. 
The surface energy can be reduced by performing appropriate 
modifications to the GaN surface that lower its interfacial energy with InN. 
Details will be elaborated in Chapter 5 but briefly, surface treatment with 
InGaN before growing InN was found to be useful in reducing lattice 
mismatch and thus encouraging nucleation of InN. Another type of surface 
modification involved the etching of nanopores into the GaN substrate to 
obtain nanoporous GaN, as shown earlier in Chapter 2. It will be shown in 
Chapter 6 that these nanoporous GaN templates also encouraged rapid 
nucleation of InN by presenting numerous free surfaces for bonding.    
3.2.2. Reducing dislocation densities 




) in epitaxial InN limits 
the luminescence efficiency. While intense PL signals were observed at 
cryogenic sample temperatures, the PL intensity decreases drastically by more 
than 10 times when heated to room temperature [14]. This temperature-
induced quenching may be related to dislocations which act as non-radiative 
Shockley-Read-Hall (SRH) recombination centers. Therefore, reducing 
dislocation densities in InN can lead to better internal quantum efficiencies 
with lower SRH recombination rates. 
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Nanoheteroepitaxy is a very useful approach towards reducing 
dislocations. It involves the fabrication of nanostructures on the substrate 
which help relieve misfit stress during the subsequent regrowth of a lattice-
mismatched material. One technique uses anodized aluminum oxide (AAO) to 
create a nanoporous SiO2 layer over GaN/sapphire [75]. When GaN was 
regrown over the nanoporous SiO2/GaN/sapphire template, the laterally 
overgrown GaN layer was strain-relaxed. The technique also effectively 





, resulting in the internal quantum efficiency of subsequently-grown 
InGaN/GaN multiple quantum well LEDs improving by 15%. 
Instead of fabricating an additional nanoporous SiO2 layer over GaN, 
nanopores can be etched into the GaN substrate itself. A particularly 
convenient approach is to perform UV-assisted electrochemical etching 
(UVEC). In this process discussed in detail earlier in Chapter 2, Section 2.3, 
nanopores are etched by aqueous KOH into the GaN substrate which is 
illuminated by ultraviolet light and with an electrical current passing through it 
[70]. Unlike the AAO procedure, this one-step procedure does not require the 
deposition and removal of additional materials. When GaN was regrown on 
the nanoporous GaN substrate, the nanoporous GaN layer reoriented itself to 
form nanovoids at elevated growth temperatures of above 800
o
C. The 
nanovoids were useful in relieving misfit stress and reducing dislocations near 
the surface by bending and annihilating threading dislocations [69]. The 
subsequently grown InGaN/GaN multiple quantum wells were also found to 




Given its convenience and effectiveness, we adopted the UVEC 
procedure to produce nanoporous GaN substrates for InN epitaxy, as a 
nanoheteroepitaxial approach towards reducing dislocation densities. 
3.2.3. Reducing background electron concentration 
Besides posing challenges to p-doping, the high background electron 
concentration in nominally undoped InN may also affect the shape and 
position of the PL spectrum through Burstein-Moss shifts and band tails. Since 
most of the free electrons in InN are contributed by nitrogen vacancies, there 
is a need to devise growth techniques that reduce them.  
The high concentration of nitrogen vacancies is linked to the high 
vapor pressure of nitrogen over InN (see Chapter 1, Section 1.2.2c), resulting 
in N atoms evaporating very easily away from the InN crystal lattice. 
Therefore, it may be necessary to increase N composition during growth by 
increasing the V/III ratio. 
3.3. Growth experiments 
3.3.1. Substrates and growth conditions 
GaN-on-sapphire substrates were prepared by MOCVD using a 
conventional two-step procedure [76]. In the process using the D125 Emcore 
MOCVD system (see Chapter 2, Section 2.1), the c-sapphire substrate was 
annealed in H2 gas at 1050
o
C for 10 min, before the temperature was lowered 
to 520
o
C for growth of a low-temperature GaN buffer layer for 2 min. After 
that, the temperature was increased to 1000
oC for the growth of a 4 μm thick 
GaN epilayer for 1 h. Trimethylgallium (TMG) and NH3 gas were used as 
reactants and the GaN epilayer was doped n-type by silane flowing at 10 sccm 
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. Hydrogen gas was supplied as the carrier gas for TMG and the chamber 
pressure was 200 Torr. 
Some of these GaN-on-sapphire substrates were then fabricated into 
nanoporous GaN templates by UV-assisted electrochemical etching (see 
Chapter 2, Section 2.3). InN samples were then grown on these planar 
(Samples A1 – A4) and nanoporous (Samples B1 – B6) substrates at 580oC 
and 80 Torr, with the NH3 reactant gas and the N2 carrier gas flowing at 18 
slm and 7 slm respectively. In another set of Samples C1 – C3, the GaN 
surface was treated by growing In0.25Ga0.75N at 670
o
C for 1 min before the 
temperature was lowered to 580
o
C for InN growth. 
 In addition, another set of four 350 nm-thick InN films (Samples D1 – 
D4) were grown using a different D180 Emcore MOCVD system on sapphire 
and silicon substrates via GaN, AlN, and InGaN buffer layers. Growth was 
carried out at 590
o
C with the chamber pressure at 150 Torr, resulting in four 
samples of InN films grown on the following substrates: i) c-sapphire via a 
GaN buffer layer – Sample D1, ii) c-sapphire via an InGaN/GaN multiple 
quantum well-on-GaN buffer layer – Sample D2, iii) silicon (111) via an AlN 
buffer layer – Sample D3, and iv) silicon (111) via an InGaN-on-GaN buffer 
layer – Sample D4.  
The GaN buffer layer on the sapphire substrate in Sample D1 was 
grown using the usual two-step process involving a low temperature (500
o
C) 
GaN nucleation layer followed by a 1 µm-thick high temperature (1000
o
C) 
GaN epilayer. A similar buffer layer was used in Sample D2 with the addition 
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of three periods of InGaN/GaN multiple quantum wells grown at 760
o
C. The 
InGaN-on-GaN buffer layer for Sample D4 was prepared by first growing AlN 
(200 nm) and then AlGaN (400 nm) at 1050
o
C on a silicon (111) substrate 
[77],  followed by the GaN (500 nm) layer at 1000
o
C and finally the InGaN 
(40 nm) layer at 700
o
C. The growth of the AlN buffer layer in Sample D3 was 
similarly to that of the AlN layer in Sample D4. Trimethylindium, 
trimethylgallium, and trimethylaluminium were used as the group-III 
precursors of In, Ga, and Al respectively, while ammonia gas was used as the 
N precursor. 
Information about the growth experiments of InN is summarized Fig. 
3-2 and Appendix A1. The V/III ratio and the growth duration were varied 
within each set of samples, except for Samples D1 – D4. The V/III ratio was 
decreased from 55,000 to 15,000 by increasing the flow rate of 
trimethylindium (TMI) from 25 to 90 sccm. In Samples A1, A2, and A3, InN 
was grown directly on planar GaN at a V/III ratio of 55,000 over different 
durations of 10 min, 20 min, and 60 min respectively, while Sample A4 was 
grown at a lower V/III ratio of 30,000 for 20 min. Samples B1, B2, B3, and 
B4 form the corresponding set of samples grown on nanoporous GaN. In 
Samples C1, C2, and C3, InN was grown for 40 min after InGaN surface 
treatment at V/III ratios of 55,000, 30,000, and 15,000 respectively. In 
addition, in Sample B5, InN was grown for 10 min on nanoporous GaN 
templates with shallow nanopores that were etched for 10 min, as opposed to 
60 min in the other nanoporous samples. In Sample B6, InN was grown on 
nanoporous GaN after InGaN surface treatment in a two-step process, first at a 




Fig. 3-2: Schematic diagram of InN growth experiments on various substrates, 
resulting in four sets of samples. The structure of InGaN grown in Samples C1 
to C3 will be elaborated in Chapter 5. A summary of growth conditions and 
InN’s morphology is provided in Appendix A1.  
In Chapter 4, Samples A3 – A4, C1 – C3, and D1 – D4 which have 
substantial amounts of grown InN for analysis, were studied in PL 
experiments where InN’s fundamental carrier recombination characteristics 
were investigated. In Chapter 5, the morphology of InN in Samples A1 – A4 
was compared to Samples C1 – C3. This was to study the nucleation 
characteristics of InN on planar GaN and how it was affected by InGaN 
surface treatment. In Chapter 6, nanoporous Samples B1 – B6 were compared 
with planar Samples A1 – A4, as well as with InGaN-treated planar Samples 
C1 – C3. This allowed us to study the effects of using nanoporous GaN 
substrates on the morphology and luminous efficiency of InN. 
3.3.2. General observations 
High resolution X-ray diffraction (XRD) measurements revealed that 
the as-grown InN were all single-crystalline and oriented in the c-direction 
with a hexagonal wurtzite crystal structure of the following epitaxial 
relationship with GaN and sapphire: [100] InN (001) || [100] GaN (001) || [1-
20] Sapphire (001) (see Fig. 3-3). Due to the large lattice mismatch with GaN, 
they are essentially strain-relaxed with the ω-2θ peak of InN(002) appearing 
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close to the strain-free position. Without surface treatment, InN grew as very 
coarse nanoislands on GaN (Fig. 3-4a). InGaN surface treatment (Fig. 3-4b) 
and use of nanoporous GaN (Fig. 3-4c) have significant effects on the 
morphology of InN, resulting in large numbers of small nanoislands being 
grown. The behaviour will be examined subsequently in Chapters 5 and 6. 
 
Fig. 3-3: Typical XRD scans obtained from InN samples. (a) ω-2θ scan 
showing the c-axes of GaN and InN to be aligned. The strain-free position of 
InN is indicated by the dashed vertical line. (b) Pole figure  scan of InN, 
GaN, and sapphire showing that (c) the hexagonal faces of InN and GaN 
crystals are aligned to each other, while twisted 30
o
 relative to sapphire’s. 




Fig. 3-4: SEM images of InN nanoislands grown at a V/III ratio of 55,000 (a) 
directly on planar GaN (Sample A3), (b) on planar GaN after InGaN surface 
treatment (Sample C1), and (c) on nanoporous GaN (Sample B3). (d) InN film 
grown at a V/III ratio of 15,000 on planar GaN after InGaN surface treatment 
(Sample C3). 
The dislocation density was estimated by taking XRD ω-scans about 
the (002), (004), (006), (101), (102), (103), (201), (202), (203), and (302) 
planes of InN. The widths of these peak profiles were calculated by 
performing a Pseudo-Voigt fit and were used to estimate the dislocation 
densities in the material using a mosaic model developed by Lee et. al. [78]. 
Details of the fitting procedure are described in Appendix A2. Dislocation 
densities calculated by this method for InN were previously found to agree 
closely to those measured by transmission electron microscopy [19, 79]. We 
have improved the reliability of the model by using linear data fits rather than 
curve fits to determine edge dislocation densities.  
Samples A3, A4, C1 – C3, and D1 consist of planar GaN/sapphire 
substrates with substantial amounts of InN grown on them. They are suitable 
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for dislocation measurements as they have sufficient material for strong XRD 





type dislocations, which is one order of magnitude greater than screw-type 
dislocations (Fig. 3-5). A continuous InN film represented by Sample C3 (Fig. 




 and mobility of 1000 
cm
2
/Vs. We note that this value of Hall mobility is much larger than those 
usually obtained from GaN (~200 cm
2
/Vs), but far from the theoretically-
predicted value of 14,000 cm
2
/Vs for InN [59], probably due to numerous 
defects acting as scattering centres in the material. 
 
Fig. 3-5: Density of dislocations with screw or edge character measured by 
XRD for a set of InN samples grown on planar GaN. The sample IDs are 
indicated accordingly. The dashed line is a guide to the eye. 
The InN samples exhibit photoluminescence (PL) in the near-infrared 
region, with the peak position occurring near 1.55 μm (Fig. 3-6). When the 
sample is heated from 5 K to 300 K, the emission intensity deteriorates rapidly 
52 
 
by more than an order of magnitude. In addition, the peak position blue-shifts 
and then subsequently red-shifts with increasing temperature. These unusual 
optical emission characteristics may have important implications on optical 
devices and will be studied in detail in the next chapter. 
 
Fig. 3-6: Typical PL emission spectra from InN, taken at different sample 
temperatures. The gray circles indicate the peak positions, while the vertical 
dotted line is a guide to the eye indicating the peak position at 5 K. Data taken 
from Sample C3. 
3.4. Summary 
A series of experiments involving the MOCVD growth of InN on GaN 
was performed in order to enable growth of smoother material with lower 
dislocation densities and background electron concentrations. This is 
attempted by varying the following parameters during MOCVD growth: i) 
V/III ratio, ii) growth duration, iii) applying surface treatment with InGaN and 
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iv) using nanoporous GaN substrates. Descriptions of the InN samples and 
their growth parameters are summarized in Appendix A1. 
Initial structural and optical characterization of the samples revealed 





addition, the PL intensity quenches rapidly and its spectral position shifts 
unusually with increasing temperature. These PL characteristics are believed 
to be strongly depending on the carrier recombination characteristics of the 
material, which will be discussed in detail in the next chapter. 
The growth morphology of InN was also strongly affected by surface 
treatment of the GaN substrate, where InGaN surface treatment and 
nanoporous GaN substrates resulted in rapid nucleation of smaller InN 
nanoislands, as opposed to the coarse islands grown directly on GaN. InN’s 
nucleation characteristics will be discussed in detail in Chapter 5, together 
with comparisons of InN growth with and without InGaN surface treatment. 
Subsequently in Chapter 6, the effects of using nanoporous GaN on InN 
growth will be elaborated. 
Through a combination of targeted growth experiments with 
comprehensive PL experiments, InN’s growth process can be improved to 
obtain higher quality materials with improved emission efficiencies.   
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Chapter 4 : Characteristics of carrier recombination 
and optical emission from InN 
4.1. Introduction 
The optical emission process of a semiconductor is closely related to 
the recombination of charge carriers in the material. Electrons and holes can 
be introduced as minority carriers in the conduction and valence bands 
respectively with electrical injection or photoexcitation. They subsequently 
undergo radiative, Auger, or Shockley-Read-Hall (SRH) recombination. 
Radiative recombination results in the emission of light, with the spectral 
shape and position corresponding closely to the band gap and electronic states 
of the material. 
Given the small band gap of InN of around 0.7 eV and its high free 




, Auger recombination rates are 
expected to be high in InN and affect carrier recombination characteristics 
significantly. Also, with large amount of defects like dislocations due to lattice 
mismatch, SRH recombination is also expected to be substantial. Thus, it is 
very important to understand how these processes contribute to emission 
inefficiencies of the material. 
A schematic diagram illustrating the carrier generation and 
recombination processes is provided in Fig. 4-1. In a direct band gap 
semiconductor like InN, electron-hole pairs that are generated by optical 
excitation can undergo radiative recombination that results in 
photoluminescence (PL). Auger and SRH recombination are non-radiative 
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processes that do not produce optical emission. They are loss mechanisms 
responsible for less-than-ideal emission efficiencies. In Auger recombination, 
the energy released by recombination is transferred to an electron or hole, 
sending it to a higher energy level. In SRH recombination, electrons and holes 
recombine via mid-gap states that are usually introduced by crystalline defects 
in the material and the excess energy is released as phonons, which are lattice 
vibrations that result in heat. While Auger recombination is usually an 
intrinsic process, SRH recombination is dependent on crystalline quality and 
can be reduced by growth of high quality materials. 
 
Fig. 4-1: Generation of charge carriers by photoexcitation, following by 
radiative, Auger, and SRH recombination. Light emitted by radiative 
recombination can be analyzed as a PL spectrum.  
In this chapter, a series of photoluminescence (PL) experiments at 
different sample temperatures T and laser excitation powers P was performed 
on a variety of InN samples. The PL integrated intensity I was measured and 
the following sets of data were obtained: i) I vs. P data: at T at 5 K, 77 K, 180 





 and ii) I vs. T data: for laser power P at 2.50 W/cm
2
, while sample 
temperature T was varied at thirteen points between 5 and 300 K. The resultant 
PL data was analyzed rigorously using several theoretical models, resulting in 
improved understanding of radiative, Auger, and SRH processes. 
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4.2. Non-radiative Auger and SRH processes 
4.2.1. Theory: Double-Arrhenius law and power law 
During the photoluminescence of a semiconductor with free electron 
and hole concentrations of no and po respectively, electron-hole pairs are 
generated by photoexcitation at a rate of G and subsequently recombine. The 
concentration of photoexcited holes Δp and electrons Δn are equivalent (Δp = 
Δn). Defects like dislocations can introduce mid-gap states or traps which 
cause non-radiative Shockley-Read-Hall (SRH) recombination. This can occur 
in an n-type semiconductor as an electron falls into the trap from the 
conduction band and subsequent recombines with a hole in the valence band. 
A similar behavior occurs for holes in a p-type semiconductor. The excess 
energy is released as phonon vibrations without the emission of light. The rate 
of SRH recombination RSRH is given by: 
      
              
                                 
 (4.1)  
where An and Ap are the SRH recombination constants and nI and pI are 
constants related to the energy position of the traps. 
Optical emission from a semiconductor occurs due to radiative 
recombination, where an electron in the conduction band recombines with a 
hole in the valence band. This occurs as a direct transition in a direct band gap 
semiconductor like InN in which the momentum of electron and hole is 
conserved, resulting in the emission of a photon with a wavelength 
corresponding to the band gap. Since an electron and a hole are required for 
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radiative recombination, the radiative recombination rate RL is proportional to 
their respective concentrations: 
                     (4.2)  
where Bn is the radiative recombination constant. 
Auger recombination is a three-particle interaction event involving two 
electrons and one hole (Fig. 4-2a), or with two holes and one electron (Fig. 
4-2b). The excess energy is transferred to the second electron (or hole) which 
is energetically excited into deeper regions of the conduction (or valence) 
band. Therefore, the Auger recombination rate RAug can be expressed as: 
               
                  
         (4.3)  
where Cn and Cp are the respective Auger recombination constants. The term 
with Cp on the right-hand side of Eq. (4.3) can be neglected in an n-type 
semiconductor where no >> po. 
 
Fig. 4-2: Schematic diagram of Auger recombination which takes place 
between (a) two electrons and a hole, or (b) two holes and an electron. 
During the photoluminescence of an n-type semiconductor where no 
>> po and Δp = Δn, when the photoexcited carrier concentration Δn is much 
greater than the background electron concentration no (Δn >> no), the carrier 
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recombination rate (dΔn/dt) can be related to the generation rate G and Δn by 
combining Eqs. (4.1), (4.2), and (4.3) into the following relationship: 
 
   
  
                           
      
  (4.4)  
This equation is the well-known ‘ABC’ law for carrier recombination, 
which is commonly used to describe Δn vs. t data obtained in several studies 
involving transient optical measurements. One of these studies involved time-
resolved PL measurements on MBE-grown InN films [80], where the samples 
were illuminated by femto-second pulses of laser in a pump-probe 
arrangement. At 35 K, the recombination constants An, Bn, and Cn were found 
to have values of 3.8 to 12.2 ns
-1
, 6.7 x 10
-10






, and 9.3 x 
10
-31






 respectively. Auger recombination rates were also 
found to increase with temperature, but the analysis was limited to a restricted 
temperature range of between 35 K and 200 K, because the transient PL 
signals were too weak at higher temperatures. 
At room-temperature, measurements of transient recombination 
behavior were performed using time-resolved photo-reflectance [81-82]. In 
these measurements, optical pumping of the InN material by femto-second 
laser pulses resulted in generation and recombination of electron-hole pairs, 
which causes transient changes in the reflectivity of the material. The 
reflectivity of the material was measured and correlated to carrier density 
using appropriate theoretical models. It was found that at room temperature, 
samples have a radiative recombination lifetime of 3.9 ns [81], which is an 
order of magnitude higher than SRH lifetimes of 0.515 ns and 0.68 ns found in 
Ref. [81] and Ref. [82] respectively. We observe that the SRH lifetimes 
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measured at room temperature were much lower than lifetimes of 3.8 to 12.2 
ns
-1
 measured at 35 K mentioned earlier with time-solved PL, meaning that 
SRH recombination rates could have increased by more than a magnitude 
between 35 K and 300 K. The authors also postulated that SRH recombination 
may be dominant at room temperatures.  
Another group studied carrier recombination using differential 
transmission, where the transient optical transmittance of the InN samples was 
measured after optical pumping by femto-second laser pulses at different 
photon energies between 0.51 eV and 0.8 eV [83-84]. Some of these photon 
energies were smaller than the InN band gap, which allowed free carrier 
dynamics to be studied. As opposed to the findings by photo-reflectance, the 
group found that Auger recombination was dominant at room temperature.  
Both time-resolved photo-reflectance and differential transmission 
were unable to determine the ABC recombination constants directly. The 
measurements were performed at room temperature, at which it may be 
difficult to isolate the effects of Auger recombination from SRH 
recombination, especially if the latter is dominant. The measurements also 
have to contend with issues related to hot electron relaxation during optical 
pumping [81], while the transient behavior in optical transmittance and 
reflectivity may not correspond well with actual transient changes in carrier 
concentration. These complexities inevitably produce observations that are not 
fully understood, resulting in the conflicting deductions. 
Furthermore, time-resolved PL require the selection of a suitable 
photon energy for intensity measurements [85], and as the material is 
60 
 
subjected to excitation conditions unlikely to be replicated in an operating 
LED, their results may not be relevant in device applications. In addition, the 
aforementioned transient optical measurements were all performed on MBE-
grown InN samples, from which the results may not be applicable to MOCVD 
grown samples. 
On the other hand, steady-state PL measurements can reduce some of 
the ambiguities associated with transient measurements. At steady state, 
dΔn/dt = 0 and since the carrier generation rate G is proportional to the laser 
excitation power P during steady-state PL, and Eq. (4.4) can be simplified and 
rearranged into the following form: 
                  (4.5)  
      (4.6)  
where the integrated intensity I of the PL spectrum is proportional to the 
radiative recombination rate RL. The internal quantum efficiency IQE is 
defined as RL/G and correlated to the PL intensity I in the following 
expression: 
 






    
  
 
    
  
   
(4.7)  
In device operation, the IQE is proportional to the power efficiency of 
an LED and inversely proportional to the threshold current density of a laser 
[86]. Therefore the IQE is a more meaningful parameter than the ‘ABC’ 
constants as it directly describes the performance of optoelectronics devices. 
Since SRH and Auger recombination rates are known to increase with 




           
 
 
                                           
 
(4.8)  
The result is a ‘double-Arrhenius’ model that is commonly used to describe 
the reduction of PL intensity with increasing sample temperature. In this case, 
the PL intensity of InN is predicted to decrease with the thermal activation of 
Auger and SRH processes, where AAug and ASRH are the respective density of 
non-radiative recombination centers, EAug and ESRH are the respective 
activation energies, and s is the laser spot size of 4 mm
2
. 
 We next look at how carrier concentrations are affected by PL at 
different excitation powers and how they affect the emission intensity. 
Scenario 1: Δn >> no 
We first consider the scenario where Δn >> no and Δn = Δp occur for 
an n-type semiconductor during PL measurements. With the radiative 
recombination rate RL being proportional to the integrated PL intensity I, Eq. 
(4.2) can be re-expressed as follows: 
               
    (4.9)  
and the Auger and SRH recombination rates from Eqs. (4.3) and (4.1) can be 
similarly re-expressed respectively as: 
          
        
  (4.10)  
 
     
    
          
      
(4.11)  
where (Δn >> nI + no) was assumed in the derivation of Eq. (4.11).  
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If radiative recombination is dominant (RL >> RAug + RSRH), then Eqs. 
(4.5) and (4.6) can be combined into the following expression that indicates a 
linear relationship between I and P: 
               (RL dominant, Δn >> no) (4.12)  
If Auger recombination is dominant (RAug >> RL + RSRH), then Eqs. 
(4.5) and (4.10) can be combined into the following expression: 
                       
            (4.13)  
Since I  Δn2 in Eq (4.9), we thus obtain a sub-linear relationship between I 
and P:  
        (RAug dominant, Δn >> no) (4.14)  
If SRH recombination is dominant (RSRH >> RL + RAug), then Eqs. (4.5) 
and (4.11) can be combined into the following expression: 
                                 (4.15)  
Since I  Δn2 in Eq (4.9), we thus obtain a super-linear relationship between I 
and P:  
      (RSRH dominant, Δn >> no) (4.16)  
Scenario 2: Δn << no 
In an alternative scenario where Δn << no with Δn >> po in n-type InN, 
the respective recombination rates from Eqs. (4.1), (4.2), and (4.3) can be 
expressed as: 
                    (4.17)  
          
        




     
    
        
      
(4.19)  
where (no >> n1 + Δn) was assumed in the derivation of Eq. (4.19).  
If radiative recombination is dominant (RL >> RAug + RSRH), then Eqs. 
(4.5) and (4.6) can be combined into the following expression that indicates a 
linear relationship between I and P: 
               (RL dominant, Δn << no) (4.20)  
If Auger recombination is dominant (RAug >> RL + RSRH), then Eqs. 
(4.5) and (4.18) can be combined into the following expression: 
                           (4.21)  
Since I  Δn in Eq (4.17), we thus obtain a linear relationship between I and 
P:  
     (RAug dominant, Δn << no) (4.22)  
If SRH recombination is dominant (RSRH >> RL + RAug), then Eqs. (4.5) 
and (4.19) can be combined into the following expression: 
                         (4.23)  
Since I  Δn in Eq (4.17), we again obtain a linear relationship between I and 
P:  
     (RSRH dominant, Δn << no) (4.24)  
 Therefore, the relationship between I and P can be modeled as a power 
law I  Pk, where the exponent k adopts non-unity values when Auger or SRH 
recombination is dominant under Δn >> no conditions. The results are 
summarized in Table 4-1 and were also reported in Ref. [61]. 
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Table 4-1: k values under various conditions in the power law: I  Pk. 
 Value of k under the following conditions: 
 RL dominates RAug dominates RSRH dominates 
Δn << no 1 1 1 
Δn >> no 1 2/3 2 
 
4.2.2. Influence of Auger and SRH processes on PL intensities 
Samples D1, D2, D3, and D4, which consist of 350 nm InN films, were 
analyzed by PL measurements at 5 K, 77 K, 180 K, and 300 K with different 





. These samples were chosen for analysis because they have 
sufficiently thick InN material to generate strong PL signals for analysis, 
which is very important especially at 300 K where the emission intensities can 
be extremely weak at low laser powers if there is too little material. 
When the PL integrated intensities I were analyzed with different laser 
excitation powers P at different temperatures of 5 K, 77 K, 180 K, and 300 K, 
it was found that Auger recombination dominates at low temperatures since 
the exponent k in the power law I  Pk approaches the value of 2/3 (Auger) 
and not the value of 1 (radiative) or 2 (SRH) at 5 K. These results are 
summarized in Fig. 4-3.  
The Δn >> no condition necessary for the k = 2/3 observation (see 
Table 4-1) is more likely to be fulfilled at low temperatures due to dopant 
freeze-out and also due to longer carrier lifetimes resulting from lower non-
radiative recombination rates. This is supported by the lineshape behavior of 
the PL spectra. At 5 K as illustrated by the PL spectra shown in Fig. 4-4, the 
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high-energy spectral envelope blue-shifts with increasing excitation power. 
This is an indication of the Δn >> no condition due to band filling by large 
concentrations of photoexcited electrons. At higher temperatures, the blue-
shift disappears as Δn became smaller and insignificant compared to no, 
indicating that the Δn << no condition occurs instead. 
 




[Continued from previous page] 
 
Fig. 4-3: (a) PL integrated intensity I measured at different laser excitation 
powers P for Sample D4. The exponent k in the power law I  Pk can be easily 
calculated by taking the slope of a log-log plot at different temperatures T. (b) 
k values at different T for the series of four InN films. The data approaches k 
= 1 at higher temperatures and k = 2/3 at lower temperatures. Figures taken 




Fig. 4-4: Typical normalized PL spectra obtained using different laser 
excitation powers P at 5 K and 180 K. At 5 K, the high energy spectral 
envelope shifts towards higher energies with higher laser excitation power, 
indicating band filling. These spectra were obtained from Sample D1. Figures 
taken from Ref. [61]. 
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However, k values alone are unable to isolate effects of Auger 
recombination from SRH recombination at higher temperatures (Δn << no) 
where k is predicted to have the value of unity when either Auger 
recombination or SRH recombination is dominant. Therefore, even if SRH 
recombination becomes dominant at 300 K, the k = 2 behavior cannot be 
observed due to the Δn << no condition. 
We can differentiate non-radiative Auger and SRH processes at higher 
temperatures by using the double-Arrhenius law described earlier in Eq. (4.8), 
that contains activation energies (EAug and ESRH) and density of non-radiative 
recombination centers (AAug and ASRH) related to Auger and SRH 
recombination respectively. The parameters in the double-Arrhenius law are 
evaluated by measuring the PL integrated intensity I across thirteen different 
temperature points between 5 K and 300 K. This is performed for Samples A3 
– A4, C1 – C3, and D1, where these six samples contain InN grown on planar 
GaN/c-sapphire (see Appendix A1). The laser excitation power was fixed at 
2.50 W/cm
2
 during the measurements. Samples A1 and A2 are excluded from 
the analysis because they have insufficient grown material. 
Since Auger recombination dominates at low temperatures, EAug is 
expected to be much smaller than ESRH. Applying this condition, Eq. (4.8) was 
fitted to the I(T) vs. T data with AAug, EAug, ASRH, and ESRH as fitting 
parameters. Typical fitting results are shown in Fig. 4-5. The presented 
double-Arrhenius function described I vs. T data very well. On the other hand, 
fitting with a single-Arrhenius function results in poor fits around the ‘knee’ of 





Fig. 4-5: (a) Arrhenius fits (lines) to I data (symbols) taken at different T for 
Sample D1. The double-Arrhenius law describes the data much better than a 
single-Arrhenius law. When the axes are inverted in (b), the fit curve can be 
regarded as the sum of Auger [1 + s.AAugexp(-EAug/kBT)] and SRH [1 + 
s.ASRHexp(-EAug/kBT)] contributions. Figures adapted from Ref. [61]. 
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In the six InN-on-planar GaN/c-sapphire samples, EAug has values of 
10 to 13 meV, which are close to those obtained in an earlier study using time-
resolved PL which reported Auger activation energies of 4.3 – 9.0 meV [80]. 
The slight discrepancy could be due to the time-resolved study employing just 
four temperature points between 35 and 200 K, compared to thirteen 
temperature points spread between 5 and 300 K in our work.  
Examining the calculated Arrhenius parameters, we find that similar to 
EAug, AAug also has consistent values of 105 to 134 cm
-2
 across the six samples. 
The consistency of Auger parameters indicate that Auger rates are similar 
across different samples, reflecting the intrinsic nature of Auger recombination 
that is independent of material quality. 
The SRH parameters ASRH and ESRH have values of 2000 to 5000 cm
-2
 
and 51 to 58 meV respectively. Compared to Auger recombination, the higher 
activation energies of SRH recombination is beneficial as they help reduce 
non-radiative recombination at room temperature. However, these effects are 
negated by its large number of SRH recombination centers ASRH, which are 
more than an order of magnitude larger than those of Auger recombination, 
resulting in very significant SRH recombination at room temperature. This is 
apparent by comparing Auger and SRH recombination rates at different 
temperatures by plotting 1/I vs. T in Fig. 4-5b. The Auger and SRH 
components can be represented by [1 + s. AAug exp(-EAug/kBT)] and [1 + s. ASRH 
exp(-ESRH/kBT)] respectively. It can be seen that while Auger recombination 
dominates at low temperatures, SRH recombination increases sharply at higher 
temperatures and overtake Auger recombination as the dominant non-radiative 
recombination mechanism at near room temperature.  
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The double-Arrhenius law at Eq. (4.8) also assumes that the IQE = 
100% at 0 K, while the fitted Arrhenius parameters can be used to calculate 
the IQE at 300 K, which was found to be as low as 3% at 300 K, as shown in 
Fig. 4-6. This indicates that these samples have very poor optical emission 
efficiencies that prevent practical device applications, which is linked to the 
large ASRH values in these samples. Since SRH recombination is closely 
associated with crystalline defects like dislocations, ASRH can be reduced by 
growing higher quality material resulting in higher IQEs. One particularly 
effective approach would be to use nanoporous GaN substrates, which will be 
discussed in detail in Chapter 6. The derivation of the fit curve [IQE(%) = 
100%/(3.9+0.004ASRH)] used in Fig. 4-6 will also be elaborated in Chapter 6. 
In the absence of SRH recombination by which ASRH approaches zero, the IQE 
is predicted to increase rapidly to a value of around 25%, where further 




Fig. 4-6: Low IQE values associated with high ASRH values of InN samples 
grown on planar GaN templates. The IQE was predicted by a curve [IQE = 
100%/(3.9+0.004ASRH)] to rise rapidly as ASRH tends to zero. Details about the 
fit curve will be presented in Chapter 6. 
4.3. Radiative recombination in InN 
The previous section discussed how the PL intensity can vary with the 
sample temperature and the laser excitation power due to radiative and non-
radiative recombination processes. This section examines radiative 
recombination more closely and describes how the energy position and 
spectral shape of the PL emission can be affected by the electronic structure of 
the InN material. 
4.3.1. Theory: ‘Band-to-tail’ PL lineshape model 
MOCVD-grown undoped InN samples typically have high free 














 = 0.042mo [88], where εo and mo are the permittivity of free space and free 
electron mass respectively, aH has a value of 1.32 x 10
-8
 m for InN. 
 If the ionized impurity concentration Ni is equivalent to the free 
electron concentration (Ni ≈ no),  the parameter NiaH
3
 then assumes a value of 
2.32, which is much greater than 0.24 (NiaH
3
 >> 0.24), resulting in Mott 
transition occurring in the material [89]. Thus, even at temperatures 
approaching 0 K, InN is expected to possess mobile electrons which can 
participate in PL emission. The NiaH
3
 >> 0.24 condition also indicates that the 
high concentration of impurities disrupt the lattice order, resulting in 
substantial electron-electron and electron-impurity interactions enabling a 
relaxation of momentum conservation laws during radiative recombination 
[1]. In such a system, the PL emission spectrum I(hν) can be described by an 
integral convolution that sums up the individual transitions between electron 
energy N(En) and hole energy P(Ep) distributions [39, 90]: 
                                    (4.25)  
En is defined as zero at the conduction band edge and increases in 
value up the conduction band. The electron density of states gn is given by the 
following expression: 
        
    
      
   




        (4.26)  




 Fluctuations due to the random distribution of impurities are expected 
to result in significant tailing of the conduction band [89]. This is accounted 
for by the first part of Eq. (4.26) which consists of Kane’s density of states 
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equation that has an integral function B(En/γn) that adopts a Gaussian-like tail 
of width γn at En < 0 and a parabolic function at En > 0 [91] (see Fig. 4-7). The 
second part contains a term C(E) = (1+E/Eo)
3/2 
that accounts for the non-
parabolicity of the conduction band [1]. Eo was found to have a value of 0.4 
eV for InN [1]. 
 
Fig. 4-7: Schematic diagram of the ‘band-to-tail’ PL lineshape model 
describing radiative recombination between degenerate electrons and holes in 
the valence band tail. The holes are concentrated at an energy level 
(γp
2
/2kBTc) above the valence band edge. 
The quasi-Fermi level Efn of the n-type degenerate semiconductor is 
expected to lie deep inside the conduction band (Efn > 0, see Fig. 4-7). The 
electron energy distribution is given by N(En) = gn(En)fn(En), where the Fermi-




       
 
      
      
    
 
(4.27)  
with a carrier temperature Tc that may be higher than the sample temperature 
T, especially at lower sample temperatures of below 150 K [39, 92]. If the 
concentration of photoexcited electrons Δn is small compared to that of the 
free electrons no, the electron quasi-Fermi level is approximately equivalent 
the Fermi energy of the material (Efn ≈ Ef). N(En) can then be integrated to 
calculate the free electron concentration nPL, where nPL = no + Δn ≈ no if Δn << 
no. As shown earlier in Fig. 4-4 in Section 4.2.2, the Δn << no is fulfilled at 
higher temperatures. Hence nPL can be a reliable measure of no at room 
temperature. This method of calculating the free electron concentration is 
particularly useful for samples with discontinuous films which cannot be 
characterized reliably by Hall measurements.  
A full description of valence band tails as performed comprehensively 
in Ref. [39] can introduce unnecessary complexity into the model that may 
hinder its consistency when analyzing a set of PL spectra taken over a range of 
temperatures. Since the hole concentration is likely to be small in the strongly 
n-type material, P(Ep) can be regarded as a Gaussian function, 
             
       
         
 
    
  (4.28)  
which is centred at (γp
2
/2kBTc) above the valence band edge (see Fig. 4-7) [93], 
where γp is a temperature-independent parameter describing the width of the 
Gaussian valence band tail. The direction of Ep is defined to be positive down 
into the valence band. 
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Since the hole energy distribution P(Ep) is expected to be narrow 
compared to N(En) in the heavily n-type material, P(Ep) can be further 
approximated as a delta function at an energy level (γp
2
/2kBTc) above the 
valence band edge. If expressed as along the En axis, this results in: 
                 
         (4.29)  
where Eg is the band gap of the material. 
 By using the mathematical identity ∫ f(x)δ(x – b) dx = f(b), the double- 
integral function Eq. (4.25) can be reduced to a single integral with f(x) = 
N(En)P(Ep), x = Ep, and b = (En – hν) as:  
                         (4.30)  
where the expression for delta-distribution of holes in the valence band tail 
from Eq. (4.29) can re-expressed in Eq. (4.30) as: 
                        
          (4.31)  
By combining Eq. (4.30) and (4.31) and applying the mathematical identity 
∫f(x)δ(x – b) = f(b) again, we get the simplified expression for the PL spectrum: 
                                 (4.32)  
where 
      
  
 
     
 (4.33)  
with the H parameter containing information about the band gap Eg and the 
position of holes in the valence band tail (γp
2
/2kBTc). The former decreases 
with temperature according to the Varshni equation: 
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 (4.34)  
where α and β are Varshni constants independent of temperature, while the 
latter (γp
2
/2kBTc) term in Eq. (4.33) also decreases with temperature as the Tc 
term increases with temperature. 
The ‘band-to-tail’ PL lineshape model according to Eq. (4.32) suggests 
that the PL spectrum reflects the energy distribution of electrons relative to the 
delta energy distribution of holes, which is positioned in the valence band tail 
at an energy level (γp
2
/2kBTc) above the valence band edge. The model 
considers effects from both conduction and valence band tails, but in a manner 
that is less complex than in earlier demonstrations [39, 94].  
The lineshape model has four adjustable parameters: H, Efn, Tc, and γn. 
Their effects on the PL lineshape are demonstrated in Fig. 4-8. It is found that 
H translates the PL spectrum across the horizontal axis; Efn controls the width 
of the spectrum and Tc describes the profile of the high energy slope, both in 
accordance to the Fermi-Dirac function in Eq. (4.27); and γn describes the low 
energy slope below H in accordance to Eq. (4.26) where it indicates the width 
of the conduction band tails.  
A set of simulated PL spectra was produced using the PL lineshape 
model and shown in Fig. 4-9. It is observed that when the free electron 






, the PL spectrum broadens 
considerably with the full-width-at-half-maxima approximately doubling for 
every 10-fold increase in electron concentration. In fibre-optics applications, 
this causes greater dispersion of the optical signal as different parts of the 
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spectrum propagate at different speeds along the optical fibre. Therefore, it is 
necessary to lower the free electron concentration further. 
 
Fig. 4-8: Simulated PL spectra according to model described in Eq. (4.12). 
Effects of the (a) H [= Eg - (γp
2
/2kBTc)] parameter, (b) Fermi energy Efn, (c) 
carrier temperature Tc, and (d) width of conduction band tail γn are shown. 
Baseline conditions are H = 0.70 eV, Efn = 0.80 eV, Tc = 77 K, and γn = 30 
meV. 
 
Fig. 4-9: Broadening of simulated PL spectra at increasing free electron 
concentrations. The free electron concentrations were varied by adjusting Efn 
as in Fig. 4-8b. 
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4.3.2. Lineshape analysis of PL spectra 
The PL lineshape model described by Eq. (4.32) was used to perform 
least-squares fits to experimental PL spectra. This was achieved by generating 
a simulated PL spectrum with Eq. (4.32) and using the ‘fmincon’ function in 
MATLAB to minimize the difference in values between the experimental and 
simulated PL data by simultaneously varying the four adjustable parameters: 
H, Efn, Tc, and γn. The fitting procedure was performed for PL spectra obtained 
at thirteen temperature points between 5 and 300 K for Samples C1, C2, and 
C3. In these samples, the V/III ratio adopted during MOCVD growth varied at 
55,000, 30,000, and 15,000 respectively. The laser excitation power was fixed 
at 2.50 W/cm
2
 during the measurements. The resultant lineshape fits to the 
experimental points are illustrated in Fig. 4-10 for Sample C2. They are 
excellent throughout the range of sample temperatures T and across all three 
samples.  
 
Fig. 4-10: Typical lineshape fits (solid lines) to experimental PL data 
(symbols) obtained at 5 K and 300 K. The fitting parameters at 5 K and (300 
K in brackets) are: H = 0.73 (0.72) eV; Efn = 0.79 (0.80) eV; Tc = 80 (300) K; 
γn = 30 (29) meV. The positions of H, peak energy position Epeak, and Efn are 




The width of the conduction band tail γn was found to be independent 
of temperature and consistent across the different samples, with values of 29 
to 33 meV. The mean values of γn for each sample are recorded in Table 4-2. 
At 300 K, integrating the modeled PL spectrum of Sample C3 yields a free 




, which is slightly smaller than 




. The discrepancy is 
comparable to those found in other works [39, 95], where the Hall-measured 
values are usually greater than the PL-measured values but within an order of 
magnitude. The higher values are likely to be contributed by the surface 
electron accumulation layer as a result of band-bending near the surface [57, 
96], which affected Hall measurements more than for PL measurements. 
Other nPL values for Samples C1 and C2 were also calculated similarly. 
By comparing these values against the growth conditions, it appears that nPL 








 when the V/III ratio was 
reduced from 55,000 to 15,000. As the V/III ratio decreases, InN grows in an 
increasingly nitrogen-deficient environment, resulting in more nitrogen 
vacancies causing higher background free electron concentrations. 
 The H parameter, which translates the PL spectrum along the energy 
axis, is sensitive to temperature and has an important influence on the 
temperature-induced blue-red (BR) spectral shifts (see Fig. 3-6 in Chapter 3). 
From Eq. (4.33) and (4.34), initial blue-shift in H can be caused by the 
(γp
2
/2kBTc) parameter becoming smaller with increasing temperature, as 
illustrated by the diminishing gap between the solid and dashed lines in Fig. 
4-11a, while the subsequent red-shift can be attributed to Eg decreasing with 
lattice expansion according to the Varshni equation in Eq. (4.34). 
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Table 4-2: Calculated values of parameters related to the PL lineshape 
analysis of InN’s temperature-induced blue-red spectral shifts. 
Sample C1 C2 C3 
V/III ratio 55,000 30,000 15,000 
γn (meV) 31 30 32 
γp (meV) 18 19 26 
Efn – Eg (eV), at 300 K 0.060 0.079 0.093 
nPL (cm
-3
), at 300 K 1.9 x 10
18
 2.7 x 10
18
 3.4 x 10
18
 
Eg(0) (eV) 0.76 0.75 0.77 
α (meV) 0.206 0.212 0.199 
β (K) 555 520 542 
 
 
Fig. 4-11: (a) Fitting curve (solid line) of Eqs. (4.33) and (4.34) to H values 
[= Eg - (γp
2
/2kBTc)] obtained from Sample C1. The energy difference 
(γp
2
/2kBTc) between the band gap Eg and H decreases with temperature, 
causing the initial blue shifts. The Varshni behavior in Eg (dashed curve) then 
dominates in the subsequent red-shift. (b) Similar fits to H values for Samples 
C1, C2, and C3. (c) The BR spectral shifts in Epeak accounted by the (γp
2
/2kBTc) 
and Varshni effects from Ref. [63]. 
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The temperature-independent parameters associated with H, namely 
the valence band tail width γp, the band gap at 0 K Eg(0), and Varshni 
parameters α, and β, were calculated by fitting Eqn. (4.33) and (4.34) to our 
H(T) data for the three samples [lines in Fig. 4-11 (a, b)]. From Fig. 4-11a, it is 
apparent that as T increases, the filling of holes in the valence band tails 
represented by a decreasing (γp
2
/2kBTc) helps counteract the Varshni red shifts 
caused by lattice expansion (indicated by dashed curve), resulting in better-
than-expected thermal stability of its spectral position (indicated by solid 
curve). This is advantageous in device operations, where heat produced during 
continuous operation can lead to undesirable spectral changes. The BR shifts 
in the peak energy positions Epeak were also similarly accounted by the 
(γp
2
/2kBTc) parameter (blue shift) and Varshni effects (red-shift). The data is 
presented in Fig. 4-11c with more details available in Ref. [63]. 
Also in Table 4-2, the width of the valence band tails γp increased from 
Sample C1 to Sample C3, along with lower V/III ratios during MOCVD 
growth. This could be linked to more extensive structural disorder in the 
material caused by more nitrogen vacancies. Valence band tails in an n-type 
material can be induced by spatial voids of ionized donor impurities (e.g. 
nitrogen vacancies). According to Ref. [89], as the Fermi energy rises with 
higher donor concentrations, the magnitude of spatial fluctuations in the donor 
concentration can increase correspondingly, leading it induce deeper valence 
band tails. 
The Varshni parameters α and β obtained from the three samples agree 
closely with one another at average values of 0.21 meV and 540 K 
respectively, as shown in Table 4-2. This is reasonable as the Varshni 
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parameters are not expected to differ much between different samples of the 
same material. Eg(0) from the three samples have an average value of 0.75 eV, 
which is comparable to those calculated from MOCVD samples (0.743 – 
0.797 eV) reported previously using other approaches [95].  
4.4. Summary 
A double-Arrhenius model was postulated, linking the reduction in the 
internal quantum efficiency of InN to the thermal activation of Auger and 
SRH recombination. A power law I  Pk was also derived, in which the 
exponent k described non-linear increases in the PL integrated intensity I with 
laser excitation power P when Auger (k = 2/3) or SRH (k = 2) recombination 
was dominant. 
Together, the double-Arrhenius model and the power law enabled a 
comprehensive analysis of steady-state PL data taken at different InN sample 
temperatures and laser excitation powers. It was found that Auger 
recombination dominates at low temperature, while SRH recombination 
dominates at room temperature, with the latter reducing the internal quantum 
efficiency to as low as 3%. Auger and SRH recombination increased with 
temperature with average activation energies of 11 and 55 meV respectively. 
Upon extrapolation of the model, it was found that if SRH recombination is 
eliminated with improvements in crystalline quality, the internal quantum will 
improve to 25%, with further improvements limited by Auger recombination.  
A PL lineshape model was also developed which accounts for band 
tails in InN. Fitting of the lineshape model to experimental PL data taken at 
different temperatures enabled us to measure the tail widths of the conduction 
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band (30 to 32 meV) and valence band (18 to 26 meV). It also determined the 
size of the band gap at 0 K to be around 0.75 eV, which agrees well with data 
reported elsewhere in the literature. The model also found that growth at lower 
V/III ratios resulted in higher free electron concentrations, which was reflected 
by increases in the Fermi energy level that is measurable by the model. In 
addition, the lineshape model also explained the cause of the temperature-
induced blue-and-then-red spectra shifts, linking the behavior to the filling of 
holes in the valence band tail at higher temperatures. 
These findings improved the understanding of InN’s optical emission 
characteristics. The derived knowledge can be useful in future device 
applications, as well as in tailoring future growth experiments in order to 
achieve desired optical emission properties. 
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Chapter 5 : Nucleation characteristics of InN on GaN 
5.1. Introduction 
As discussed earlier in Chapter 3, Section 3.2, the nucleation process 
occurs along with the competition between the thermodynamic driving force 
(ΔGv < 0) and the surface energies (σ > 0) involved with generating a nucleus 
of size r: 
    
 
 
          
   (5.1)  
 This is illustrated in the simplified case of homogeneous nucleation in 
Fig. 5-1, where the nucleation process is limited by an energetic barrier ΔG*, 
that requires the nuclei to be of a certain minimum radius r* before it is stable 
for further growth. For nuclei of radius r < r*, subsequent growth requires an 
increase in the free energy of formation ΔG which is energetically 
unfavorable, resulting in desorption and disintegration of the nuclei. 
The behavior also applies qualitatively to the more complex process of 
heterogeneous nucleation which happens during the epitaxial growth of InN 
on GaN [73]. In this scenario as shown in Fig. 5-2, the surface energy term 
4πr2σ in the right-hand side of Eq. (5.1) can be regarded as the sum of energies 
involved in creating the InN surface of area AInN with surface tension σInN and 
the InN/GaN interface of area AInN/GaN with surface tension σInN/GaN, minus the 
energy of the GaN surface of area AGaN with surface tension σGaN occupied by 
the InN nuclei:  
                                          (5.2)  
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By balancing the surface tensions as shown in Fig. 5-2, they are shown 
to be related to the contact angle ψ of the nuclei according to the following 
relationship: 
or 
                       
                           
(5.3)  
 
Fig. 5-1: Competition between the thermodynamic driving force and the 
surface energy involved in homogeneous nucleation. 
 
Fig. 5-2: Schematic diagram illustrating the heterogeneous nucleation of an 
InN spherical cap on GaN. 
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The large lattice mismatch of 10% between InN and GaN generates 
numerous misfit dislocations at the interface. According to Porter and 
Easterling in Ref. [54], the misfit dislocations create structural distortions at 
the interface which raise the interfacial energy σInN/GaN. This characteristic 
increases that contact angle ψ during heteroepitaxy according to Eq. (5.3) and 
also the net increase in surface energies σ according to Eq. (5.2). Therefore, 
InN does not wet the GaN surface well during growth, resulting in the three-
dimensional growth of InN islands in a Volmer-Weber mechanism. The 
growth can also suffer from poor nucleation rates, resulting in large and coarse 
islands as predicted earlier in Chapter 3, Section 3.2. 
Since smoother films are more amenable for device fabrication, it is 
desirable to promote rapid nucleation of small islands which can coalesce into 
a smooth film. As discussed earlier in Chapter 3, Section 3.2, this can be 
achieved by increasing |ΔGv| and reducing σ via V/III ratio adjustments and 
appropriate surface treatments respectively. The effectiveness of these 
techniques will be presented in this chapter. 
5.2. Effects of surface treatment with InGaN 
A set of InN samples (C1, C2, and C3 in Appendix A1) was grown on 
planar GaN after surface treatment with InGaN. The InGaN surface treatment 
was performed by growing InGaN on the GaN surface at 670
o
C for 1 min with 
trimethylindium and trimethylgallium flowing at 200 sccm and 10 sccm 
respectively, along with ammonia gas flowing at 18,000 sccm. After that, the 
substrate temperature was lowered to 580
o
C for the growth of InN. From X-
ray diffraction measurements that estimated the c-lattice parameter by ω-2θ 
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scans (see Chapter 2, Section 2.5) and assuming that the lattice parameter 
increases linearly from GaN to InN, the composition of indium in the InGaN 
alloy was determined to be 25%. At this relatively high In composition, the 
In0.25Ga0.75N is unlikely to form a continuous film on GaN [6]. More details 
about the structure of the In0.25Ga0.75N will be described later in this chapter. 
Sample C1, which was grown for 40 min on InGaN-treated GaN was 
compared with Samples A2 and A3, which were grown for 20 and 60 min 
respectively without InGaN surface treatment. These three samples were all 
grown at the same V/III ratio of 55,000 and consist of faceted pyramidal InN 
nanoislands, which are similar to those obtained by MBE under N-rich 
conditions [97]. From the SEM images shown in Fig. 5-3, the InN in InGaN-
treated Sample C1 (Fig. 5-3a) grew uniformly as faceted nanoislands with 
uniform diameters of around 150 nm and were well-distributed over the 
substrate surface. 
When grown directly on GaN without InGaN surface treatment, InN 
evolved into coarse islands. In Sample A2 (Fig. 5-3b) which was grown at a 
shorter duration of 20 min, the surface coverage was poor as the InN 
nanoislands grew close to one another, resulting in them coalescing into 
clusters instead of distributing evenly across the substrate surface. At a longer 
growth duration of 60 min in Sample A3 (Fig. 5-3c), the InN islands almost 
completely cover the substrate surface but their sizes were highly irregular 




Fig. 5-3: SEM images of InN nanoislands grown on planar GaN (a) for 40 
min after InGaN surface treatment – Sample C1, (b) directly without InGaN 
for 20 min – Sample A2, and (c) directly without InGaN for 60 min – Sample 
A3. The V/III ratio was 55,000 in all cases. 
 
Fig. 5-4: Height distributions of InN nanoislands grown in Samples C1, A2, 
and A3. The solid lines are Gaussian fits to the data obtained by AFM and 
ImageJ.  
The surfaces of these three samples were analyzed quantitatively using 
AFM. The resultant topography images were converted to grayscale images in 
which the brightness increases linearly with height. These images were 
analyzed by ImageJ, which is an image recognition software. The ‘Find 
Maxima’ function in ImageJ is able to locate the peak positions of the image 
and measure the degree of grayscale. The data can then be converted into a 
height distribution for the nanoislands, which are described by Gaussian 
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distributions in Fig. 5-4 that calculate the mean height and the standard 
deviation. The data quantifies what was observed visually with the SEM 
images. 
With InGaN surface treatment, Sample C1 has small (mean height of 




) InN nanoislands. Without the InGaN 
surface treatment, direct growth of InN on GaN resulted in Sample A2 having 
larger InN nanoislands with a mean height of 148 nm despite undergoing a 
shorter growth duration of 20 min. The growth of coarse material in Sample 





being an order of magnitude smaller than that in Sample C1. The growth of 
coarse InN islands directly on GaN with similarly low number densities were 
also reported previously in Ref. [98]. Together with Sample A3, the 
nanoislands grown without InGaN surface treatment have much broader 
height distributions than the one in Sample C1, which indicates uneven growth 
of coarse material grown directly on GaN. 
These observations point to a high interfacial energy σInN/GaN between 
InN and GaN that inhibits the bonding of InN adatoms to the GaN surface. 
Instead, InN adatoms prefers to bind to existing InN material, resulting in 
uneven coverage. Further growth and coalescence result in coarse material 
which may be unsuitable for further processing into planar devices. Surface 
treatment with InGaN improved the nucleation rate and reduced islands sizes 
significantly. This can be due to lower interfacial energies between InN and 
InGaN due to a smaller lattice mismatch. The precise mechanism will be 
evaluated in the next section. 
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5.3. Effects of adjusting V/III ratio on nucleation 
Samples C1, C2, and C3 form a set of InN samples grown for 40 min 
via surface treatment with InGaN at different V/III ratios. The V/III ratio was 
adjusted from 55,000 to 15,000 by increasing the trimethylindium (TMI) flow 
rate from 25 to 90 sccm while keeping the ammonia flow rate constant. Since 
the flow rate of TMI was small compared to ammonia (18,000 sccm) and the 
nitrogen carrier gas (7,000 sccm), the changes in TMI flow rates have a 
negligible impact on the flow dynamics of the system. 
As the V/III ratio decreased along with higher TMI flow rates from 
Sample C1 to C3, the growth rate of InN increased significantly. From tilted 
cross-sectional SEM images shown in Fig. 5-5, it is observed that Sample C1 
consists of pyramidal nanoislands, with the nanoislands coalescing extensively 
in Sample C2 and forming a rough film (≈ 200 nm thick) in Sample C3. As in 
Section 5.2 earlier, the surfaces of these samples were further characterized 
using AFM and ImageJ to obtain statistical information about the heights of 
the nanoislands in Samples C1 and C2, as well as the peaks in the rough film 
in Sample C3. The data is summarized in Fig. 5-6. 
 
Fig. 5-5: Tilted cross-sectional SEM images of InN grown for 40 min with 
InGaN surface treatment at different V/III ratios of (a) 55,000 – pyramidal 
islands (Sample C1), (b) 30,000 – coalescing islands (Sample C2), and (c) 




Fig. 5-6: Height distribution of InN nanoislands grown in Samples C1, C2, 
and C3. The lines are Gaussian fits to the data obtained by AFM and ImageJ. 
The number density of the nanoislands/peaks is similar in the three 




. However, the average height of the 
nanoislands or peaks increased from 96 nm to 186 nm along with lower V/III 
ratios. Rather than increasing the nucleation rate, smaller V/III ratios help 
promote the growth of nucleated InN nanoislands which subsequently 
coalesce into a film. Smaller V/III ratios also led to coarsening of the 
nanoislands, as larger nanoislands provide larger surfaces to attract more 
impinging adatoms, resulting in the height distribution broadening with higher 
growth rates as the standard deviation increased from ±19 nm in Sample C1 to 
±60 nm in Sample C3. These undesirable nucleation and growth 
characteristics result in films with high r.m.s roughness of 56 nm as measured 
for Sample C3 using AFM. 
The growth mechanism was further examined by cross-section TEM 
imaging. It was observed in Fig. 5-7 that instead of forming a continuous 
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InGaN film, the InGaN surface treatment process created InGaN nanoclusters 
(≈ 20 nm thick, < 100 nm wide) on which the InN subsequently grew from. 
Assuming strain-relaxed in-plane lattice parameters, the lattice mismatch 
reduces from 10% in InN/GaN, to 7.5% in InN/In0.25Ga0.75N, which reduces 
the energy barrier against nucleation and enables InN to nucleate preferentially 
on InGaN and not on GaN. This was also observed in an earlier study 
involving a form of InGaN surface treatment [99], where a 15 nm thick 
In0.08Ga0.92N intermediate layer enabled InN nanoislands to nucleate more 
readily, resulting in higher nanoisland densities and smaller sizes, as opposed 
those obtained from direct growth on GaN.  
In other works involving direct growth of InN nanoislands on GaN at 
different V/III ratios [100-101], the number density of the nanoislands was 
found to decrease at lower V/III ratios, together with an increase in their sizes. 
The authors attributed the behavior to higher surface migration of In adatoms 
at lower N concentrations brought by smaller V/III ratios. The In adatoms 
reach and bind to existing InN nuclei more easily, resulting in the coarsening 
of existing InN nanoislands instead of generating new InN nuclei on GaN. 
The growth behavior differs slightly in our situation as shown in the 
schematic diagram in Fig. 5-8, where our InN nanoislands grown on InGaN-
treated GaN grew larger at lower V/III ratios, but without the corresponding 
decrease in number densities. This is because the InGaN nanoclusters helped 
attract adatoms for the nucleation of InN and negated the influence of V/III 
ratios on the number density of nanoislands. In Samples C1 to C3, since the 
InGaN surface treatment conditions were constant, the resultant number 
densities of InN nanoislands did not change with the V/III ratio as the 
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nucleation rate is limited by the number density of InGaN nanoclusters. 
Nevertheless, the InN nanoislands suffer from coarsening at lower V/III ratios 
as shown in Fig. 5-8b, where lowering the V/III ratio could have increased the 
driving force |ΔGv| and directed more material on to existing InN-on-InGaN 
nanoislands without affecting the number density of InN nanoislands. 
 
Fig. 5-7: Cross-section TEM image of Sample C3 obtained under diffraction 
imaging conditions with g = 002InN and zone axis of [110]InN. In0.25Ga0.75N 
nanoclusters were found between InN and GaN. 
 
Fig. 5-8: Proposed mechanism of InN growth on GaN via surface treatment 
with InGaN, resulting in (a) slow growth at high V/III ratio and (b) rapid 
growth at low V/III ratio. 
X-ray diffraction was also performed on these samples to complete the 
structural analysis. ω scans were performed at multiple crystal planes of InN 
in order to estimate dislocation densities according to the method described in 
Appendix A2. The results were shown earlier in Chapter 3, Section 3.3, but 
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are presented here again in Fig. 5-9 for convenience. The dislocations in these 





, which are about an order of magnitude larger than those from GaN [78]. 
We note that while the density of edge-type dislocations is fairly constant 
across the samples, the density of screw-type dislocations were slightly higher 
in InN samples grown on InGaN-treated planar GaN. 
 
Fig. 5-9: Dislocation densities measured by X-ray diffraction on InN samples 
grown on planar GaN/c-sapphire with and without InGaN surface treatment. 
5.4. Summary   
 The nucleation behavior of InN on planar GaN substrates during 
MOCVD was studied with respect to changes in the V/III ratio and to the use 
of InGaN surface treatment. It was found that surface treatment with InGaN 
enabled rapid nucleation, improved surface coverage, and more uniform 
growth of InN. The growth of InGaN prior to InN growth helped reduce 
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interfacial energies, possibly due to the reduction in the lattice mismatch 
during InN epitaxy. Conversely, direct growth of InN on GaN resulted in very 
coarse islands with poor surface coverage. In the next chapter, PL 
characteristics of these samples will be discussed and compared with those of 
nanoporous samples. 
 The thermodynamic driving force for epitaxy was adjusted by 
performing growth with different V/III ratios. However, this technique failed 
to further improve nucleation rates in samples grown on InGaN-treated GaN. 
Instead, the increased driving force directed more material on to the growing 
InN nanoislands, rather than generating new InN nuclei on the substrate. This 
led to the coarsening of InN nanoislands which subsequently coalesce into 
rough films. Therefore, further modifications to the substrate surface are 
necessary in order to promote rapid nucleation. An approach using nanoporous 




Chapter 6 : Morphology and optical emission 
properties of InN grown on nanoporous GaN templates  
6.1. Introduction 
The previous chapter discussed how the nucleation characteristics of 
InN on planar GaN affected the morphology of the subsequently grown InN 
material. It was found that the nucleation behavior strongly depended on the 
surface conditions of the substrate material, with growth of more numerous 
and smaller InN nanoislands occurring after InGaN surface treatment of the 
GaN substrate. 
This chapter describes the growth of InN on nanoporous GaN 
substrates. The surface conditions of the GaN substrates were modified by 
creating numerous sub-100 nm diameter nanopores, resulting in nanoporous 
GaN substrates for InN epitaxy. The nucleation behavior, crystalline quality, 
and optical emission characteristics of InN grown on nanoporous GaN were 
studied and compared with those grown on planar GaN.  
6.2. Fabrication of nanoporous GaN substrates 
Nanoporous GaN substrates were prepared by UV-assisted 
electrochemical (UVEC) etching of planar n-GaN/sapphire substrates in 
aqueous KOH. The GaN epilayers were earlier grown on c-sapphire substrates 
by MOCVD as described in Chapter 3, Section 3.3 and consist of columnar 
grains that are hexagonal in shape. GaN’s threading dislocations are 
concentrated at the grain boundaries and tend to be negatively charged, 
repelling OH
- 
ions during UVEC etching [70]. This causes the center of the 
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columnar grains to be etched in preference to the boundaries, resulting in a 
network of nanopores (Fig. 6-1). The UVEC process presents a convenient 
and cost-effective approach to creating sub-100 nm pores in GaN without 
lithography. Further information about the UVEC process is provided in 
Chapter 2, Section 2.3. 
 
Fig. 6-1: Nanoporous GaN substrates fabricated by UV-assisted 
electrochemical etching with (a) – (c) 5.0M KOH and over different etching 
durations, and for (d) – (f) 60 min at different KOH concentrations. 
The UVEC etching process was performed over different etching 
durations (Fig. 6-1 a-c) and with different KOH concentrations (Fig. 6-1 d-f). 
When the etch duration is insufficient, the nanopores were shallow and poorly 
defined. Also, the surface contained clusters of unetched material that 
rendered it unsuitable for subsequent epitaxial growth. When the KOH 
concentration was too low, the nanopores had very irregular sizes (50 to 400 
nm in diameter) and the nanopores clustered into patches that opened at 
99 
 
different heights at the surface, which may inhibit the formation of a 
continuous film during subsequent InN growth. 
Overall, the best uniformity and coverage of the nanopores was 
achieved with 5M KOH and at an etching duration of 60 min (Fig. 6-1 c & f). 
These conditions are adopted to generate nanoporous GaN templates with 
uniform pore sizes of 50 to 100 nm. InN was grown on these nanoporous GaN 
templates at different V/III ratios of 30,000 and 55,000, and also at different 
growth durations ranging from 10 min to 60 min. The detailed growth 
conditions for InN were described earlier at Chapter 3, Section 3.3. In Samples 
B1, B2, and B3, InN was grown at a V/III ratio of 55,000 for 10 min, 20 min, 
and 60 min respectively, while in Sample B4, InN was grown for 20 min at a 
lower V/III ratio of 30,000. In Sample B5, InN was grown for 10 min at a 
V/III ratio of 55,000 on nanoporous GaN that has undergone UVEC for 10 
min (Fig. 6-1a), rather than for 60 min (Fig. 6-1c) as in the other samples. 
Finally in Sample B6, InN was grown on InGaN-treated nanoporous GaN 
using a two-step procedure, first at a low V/III ratio 30,000 for 40 min, and 
then at a higher V/III ratio of 55,000 for 60 min.  
In this chapter, the structural and optical emission characteristics from 
the nanoporous samples are compared with those from planar samples. 




6.3. Microstructure of InN grown on nanoporous GaN 
The morphology of InN grown on nanoporous GaN is compared to 
those grown on planar GaN with and without InGaN surface treatment. The 
samples used for structural comparisons are listed in the following table. 











A1 InN grown directly on 
planar GaN/c-sapphire 
55,000 10 
A3 55,000 60 
B1 
InN grown on nanoporous  
GaN/c-sapphire 
55,000 10 
B2 55,000 20 
B3 55,000 60 








C1 InN grown on InGaN-treated 
planar GaN/c-sapphire 
55,000 40 
C2 30,000 40 
*
Two-step growth with InGaN surface treatment 
 
6.3.1. Structural analysis 
The structure of InN grown on nanoporous GaN substrates is presented 
in Fig. 6-2, where InN nanoislands were grown over columns of nanopores. 
The growth temperature of InN was 580
o
C, which was low enough for the 
structure of the nanopores to be largely preserved during the growth process. 
In contrast, in an earlier study involving growth of GaN on nanoporous GaN, 
the nanopores collapsed to form nanovoids when the substrate was heated to 
above 750
o
C [70]. Details about the growth mechanism will be discussed later 




Fig. 6-2: (a) Tilted cross-sectional view of the nanoporous GaN substrate 
before InN growth. (b) Top view and (c) side-view of InN grown on 
nanoporous GaN by MOCVD for 60 min at a V/III ratio of 55,000 (Sample 
B3).  
At a V/III ratio of 55,000, the growth results are compared with those 
grown directly on planar GaN as shown in Fig. 6-3. The highly textured 
nanoporous GaN surface enabled rapid nucleation and uniform growth of InN 
nanoislands with diameters around 150 nm (Fig. 6-3b). On the other hand, InN 
grown on planar GaN consisted of coarse and irregularly sized islands (Fig. 
6-3d). This is due to high interfacial energies between InN and GaN inhibiting 
bonding of InN adatoms to the planar GaN substrate, as elaborated earlier in 
Chapter 5.  
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The growth results of InN grown on nanoporous GaN for 20 min were 
also compared with those grown for 40 min on InGaN-treated planar GaN as 
shown in Fig. 6-4. The latter growth process, which was described in detail in 
Chapter 5, involves the surface treatment with In0.25Ga0.75N for 1 min at 670
o
C 
before the substrate temperature was lowered to 580
o
C for InN growth. The 
size of the InN nanoislands grown on nanoporous GaN and InGaN-treated 
planar GaN were similar, but their distribution on InGaN-treated planar GaN 
appears to be more uniform while the nanoislands on nanoporous GaN tend to 
form clusters. 
 
Fig. 6-3: Growth evolution of InN on (a – b) nanoporous GaN – Samples B1 
and B3, and (c – d) planar GaN – Samples A1 and A3. Growth was performed 





Fig. 6-4: InN nanoislands grown on (a – b) nanoporous GaN – Samples B2 
and B4, and on (c – d) InGaN-treated planar GaN – Samples C1 and C2. The 
V/III ratio is varied at (a & c) 55,000 and (b & d) 30,000. 
Interestingly, the number density of InN nanoislands on nanoporous 
GaN was more sensitive to the V/III ratio than those on InGaN-treated planar 
GaN. Significantly more nanoislands were grown when the V/III ratio was 
reduced with higher TMI flow (Fig. 6-4b). On the other hand, the number 
density of nanoislands on InGaN-treated planar GaN was determined earlier in 
Chapter 5 to be largely independent of the V/III ratio. 
The morphology of InN depends greatly on the characteristics of its 
nucleation and growth processes. As mentioned earlier in Sections 3.2.1 and 
5.1, nucleation involves a competition between the thermodynamic driving 
force and the net increase in surface energies. The driving force can be 
increased by reducing the V/III ratio and the surface energy can be reduced by 
performing appropriate surface modifications. In order to obtain a smoother 
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material, it is desirable to promote rapid nucleation of small islands, which can 
be achieved by increasing the driving force and lowering the surface energies. 
The unique geometry of the nanopores could have been useful in 
reducing the surface energies for InN nucleation. As discussed earlier in 
Chapter 5, Section 5.1, the net increase in surface energies 4πr2σ involves 
energies related to creating the InN surface σInN and the InN/GaN interface 
σInN/GaN, accompanied by the destruction of the GaN surface σGaN covered by 
the InN nucleus, which was expressed mathematically earlier in Eq. (5.2) and 
is presented again over here for convenience: 
                                          (6.1)  
where AInN, AInN/GaN, and AGaN are the respective surface areas occupied by an 
InN nuclei on GaN. Nanoporous GaN has a high surface area/volume ratio 
that provides a high areal density of dangling bonds during InN epitaxy, 
resulting in impinging InN adatoms easily ‘captured’ and bonded to the 
substrate. This increases the AGaNσGaN term in Eq. (6.1) which help lower the 
net surface energies σ. This enabled the reduction in the size of nanoislands 
and increased their number densities as they directed more InN adatoms on to 
the GaN substrate, rather than them bonding to existing InN material. The 
reduced net surface energies also resulted in the nucleation rate being limited 
by the V/III ratio which controls the thermodynamic driving force. This is in 
contrast to InGaN-treated planar GaN, where the attraction of InN adatoms to 
InGaN nanoclusters limited the effect of V/III ratio on InN nucleation rates, as 
discussed earlier in Chapter 5, Section 5.3. 
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 The nanopores also could have reduced the surface mobility of 
adatoms during epitaxy. This is because the nanopores introduce gaps in the 
otherwise smooth planar surface of GaN, inhibiting movement of adatoms 
across the surface. As discussed in Chapter 5, Section 5.3, lower V/III ratios 
encouraged higher surface mobilities, which enabled adatoms to reach and 
preferentially bind to existing InN material, rather than generating new InN 
nuclei on GaN. This resulted in the coarsening of InN nanoislands at lower 
V/III ratios as reported in several studies [100-101], which does not occur in 
our experiments with nanoporous GaN as shown in Fig. 6-4 a & b. Instead, the 
increased surface mobility at lower V/III ratios was negated by the nanoporous 
surface which prevented the coarsening of InN nanoislands. Reducing V/III 
ratios thus enabled rapid nucleation of small nanoislands leading to improved 
surface coverage on nanoporous GaN. 
The interfacial energy [σInN/GaN from Eq. (6.1)] of InN with nanoporous 
GaN can be reduced by surface treatment with InGaN, which was 
demonstrated earlier with planar GaN in Chapter 5. In a process involving a 2-
step growth of Sample B6, InN was grown on nanoporous GaN after InGaN 
surface treatment, (a) first at a low V/III ratio of 30,000 for 40 min to 
encourage rapid nucleation and surface coverage, (b) followed by further InN 
growth for 60 min at a V/III ratio of 55,000 to form a continuous film as 
shown in Fig. 6-5. The grain sizes of the resultant InN film are even smaller 
than those grown on InGaN-treated planar GaN and those grown directly on 
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Fig. 6-5: InN grown on (a) InGaN-treated planar GaN for 40 min at V/III 
ratio of 30,000 – Sample C2, (b) Nanoporous GaN for 60 min at V/III ratio of 
55,000 – Sample B3, and (c) InGaN-treated nanoporous GaN for 40 min at 
V/III ratio of 30,000, followed by 60 min growth of InN at V/III ratio of 55,000 
– Sample B6. 
6.3.2. Growth mechanism 
The growth of InN on nanoporous GaN could have proceeded via 
either of the following two mechanisms shown schematically in Fig. 6-6: i) A 
‘bottom-up’ process where InN grew from the bottom of the nanopores before 
emerging as nanoislands; or ii) A lateral ‘overgrowth’ process where InN 
nucleated on the ridges around the nanopores before growing over it. 
Transmission electron microscopy (TEM) was performed to deduce 
information about the growth mechanism. Coupled with energy dispersive X-
ray (EDX) spectroscopy which can indicate the chemical composition of 
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nanoscale features during TEM imaging, it is determined that no InN was 
present in the region below the top InN layer (Fig. 6-7). This means that the 
‘bottom-up’ process did not occur, which would have otherwise created nano-
columns of InN below the InN layer. Instead, nanovoids were found in an 
observation consistent with the ‘overgrowth’ growth process. 
The ‘overgrowth’ mechanism is particularly helpful in the growth of 
lattice-mismatched materials. This is because the InN material that grew 
laterally across space does not experience biaxial stress due to lattice 
mismatch, resulting in the growth of dislocation-free material as illustrated in 
Fig. 6-8b. Furthermore, the underlying GaN material at the nanopore 
boundaries has space to expand or contract laterally, enabling it to relieve 
biaxial stress due to lattice mismatch and to further reduce misfit dislocations 
in the growing InN layer.  
On the other hand, conventional planar substrates do not have these 
unique strain-relieving properties. Instead, the strain energy due to lattice 
mismatch is mostly transmitted to the growing InN material through the 
generation of numerous dislocations. We would like to highlight that InN 
grown on both nanoporous and planar GaN were strain-relaxed according to 
XRD measurements shown in Chapter 3, Section 3.3. Biaxial stress due to 
lattice mismatch was mostly released through the generation of dislocations in 
InN, which were believed to be fewer in nanoporous samples due to the 






Fig. 6-6: Possible growth mechanisms for InN on nanoporous GaN. (Left) A 
‘bottom-up’ process where InN grows out of the nanopores. (Right) An 
‘overgrowth process’ where InN grows over the nanopores. 
 
Fig. 6-7: (Top) Bright-field cross-sectional TEM image of InN grown on 
nanoporous GaN in Sample B3. The yellow arrows indicate the positions of 
voids formed below InN. (Bottom) Corresponding EDX composition map 
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Fig. 6-8: Dark-field cross-sectional TEM images of InN grown on (a) planar 
GaN (Sample A3) and (b) nanoporous GaN (Sample B3), under diffraction 
imaging conditions with g = 1-10InN that enables the observation of edge-type 
dislocations (yellow arrows) in the form of white lines. (c) The corresponding 
selected area diffraction pattern with the zone axis of [110]InN where the 
diffraction imaging was performed. 
In summary, nanoporous GaN substrates present an advantageous 
geometry that enables rapid and uniform growth of InN with improved 
crystalline qualities. Their effects on optical emission efficiencies will be 
discussed in the next section. 
6.4. Optical emission from InN grown on nanoporous GaN 
The photoluminescence (PL) measurements described in Chapter 4 are 
extended to nanoporous samples. The integrated intensity of the PL emission 
spectrum was measured at sample temperatures between 5 and 300 K, with the 
laser excitation power kept constant at 2.50 W/cm
2
. This is to study the 
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internal quantum efficiencies (IQE) and the effects of non-radiative Shockley-
Read-Hall (SRH) recombination of the InN material. Samples A3 – A4, B3 – 
B6, C1 – C3, and D1 were selected for PL analysis as these InN-on-GaN/c-
sapphire samples have sufficient InN material giving strong signals over the 
range of temperatures during PL measurements.  
 
Fig. 6-9: PL spectra of InN grown on nanoporous and planar samples. The 
emission spectra at 300 K were compared to the normalized spectra obtained 
at 77 K. The samples were grown at V/III ratios of (a) 55,000 – Samples A3 
and B3, and (b) 30,000 – Samples A4 and B4. Figures taken from Ref. [62].  
Generally, the PL intensity of a material decreases with increasing 
temperature. In the case of InN, we have shown earlier in Chapter 4 that the 
process can be attributed to the thermal activation of Auger and SRH 
recombination processes. In Fig. 6-9, to account for different amounts of InN 
material across different samples, we compared the PL emission spectra from 
nanoporous and planar samples at 300 K against their corresponding spectra 
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obtained at 77 K. It is observed that the thermal degradation of the PL 
intensity is less severe in nanoporous samples than for planar samples. This 
can be due to fewer crystalline defects in nanoporous samples, resulting in 
lower SRH recombination rates that can translate into higher IQEs. 
The IQE of the material is proportional to the integrated PL intensity I, 
which was modeled as a double-Arrhenius law in Eq. (4.8) from Chapter 4 and 
is presented here again as follows: 
 
           
 
 
                                           
 
(6.2)  
where s is the laser spot size of 4 mm
2
 during PL measurements, AAug and EAug 
are the density of recombination centers and the activation energy associated 
with Auger recombination respectively, while ASRH and ESRH correspond to 
those of SRH recombination. These parameters were measured for each 
sample by fitting Eq. (6.2) to I vs. T data obtained from PL measurements, as 
demonstrated earlier in Section 4.2.2. It was found that AAug, EAug, and ESRH 
did not vary much across different samples (planar and nanoporous) and have 
average values of 112 cm
-2
, 11 meV, and 55 meV respectively. Substituting 
these values in Eq. (6.2) and setting the temperature to 300 K, the IQE at 300 
K can then be related to the number of SRH recombination centers ASRH by a 
reciprocal relationship: 
     
    
        
 (6.3)  
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where x = [1 + s.AAug exp(-EAug/kBT)] = 3.9, while and y = s.exp(-ESRH/kBT) = 
0.004 cm
2
 with s = 4 mm
2
, AAug = 112 cm
-2
, EAug  = 11 meV, ESRH = 55 meV, 
and T = 300 K.  
IQE data from InN samples grown on nanoporous GaN, InGaN-treated 
planar GaN, and planar GaN are compiled and presented in Fig. 6-10. A 
similar figure was shown earlier in Chapter 4, Section 4.2, but only for planar 
samples. The IQE improved significantly from 3 – 5% for planar samples to 
11 – 22% for nanoporous samples along with sizeable reductions in ASRH. The 
improvement in optical emission efficiencies is likely due to lower dislocation 
densities along with more effective relief of mismatch strain by nanoporous 
substrates. On the other hand, surface treatment with InGaN only improved 
the IQE slightly to 5 – 7%. While the InGaN nanoclusters can reduce the 
lattice mismatch with InN from 10% to 7.5%, the misfit is still very large in 
absolute terms, resulting in only a marginal reduction in dislocation densities. 
The IQE of the nanoporous samples appears to be sensitive to the V/III 
ratio. The two samples (B3 and B5) with IQEs above 20% were grown at a 
V/III ratio of 55,000, while Sample B4 grown at a lower V/III ratio of 30,000 
had a much lower IQE of 11%. An intermediate IQE value of 15% was 
obtained from Sample B6, which was obtained by the 2-step growth procedure 
with V/III ratios at 30,000 and then at 55,000. Higher nucleation rates at a 
lower V/III ratio resulted in rapid coalescence of the InN nanoislands as 
shown in Fig. 6-4b for Sample B4, which could have created numerous defects 
at grain boundaries that act as additional SRH recombination centers that 
lower the IQE. On the other hand, the coalescence was not as extensive in 
Sample B3 (Fig. 6-3b) which was grown with a V/III ratio of 55,000. 
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Alternatively, lower V/III ratios contributed to a more nitrogen-deficient 
growth environment and generated more nitrogen vacancies, which could have 
acted as non-radiative recombination centers.  
In the absence of SRH recombination (i.e. ASRH = 0), it is predicted by 
Eq. (6.3) and shown in Fig. 6-10 that the IQE is limited to 25%. Further 
improvement in the IQE would require Auger recombination to be reduced. 
This can be very challenging if the high Auger recombination rate is an 
intrinsic property of the material. 
 
Fig. 6-10: IQE at 300 K as a function of ASRH for InN samples grown on 
nanoporous GaN (Samples B3 to B6), InGaN-treated planar GaN (Samples 
C1 to C3), and planar GaN (Samples A3, A4, D1). The solid line describes the 
reciprocal relationship between IQE and ASRH according to Eq. (6.3). Figure 




InN was successfully grown on nanoporous GaN substrates. The 
nanoporous GaN substrates were fabricated by UV-assisted electrochemical 
etching with aqueous KOH, where under optimized conditions of KOH 
concentration and etching duration, resulted in uniform and dense distributions 
of nanopores with diameters below 100 nm in an otherwise smooth planar 
GaN film. 
The InN growth proceeds with an ‘overgrowth’ mechanism, where the 
InN nanoislands grew laterally across the nanopore openings before 
coalescing into a film. This process relieves the biaxial stress associated with 
lattice mismatch and also reduces the net surface energies during nucleation, 
resulting in rapid nucleation and growth along with fewer dislocations in the 
material. 
Due to better crystalline qualities, the internal quantum efficiencies 
(IQE) of InN grown on nanoporous GaN increased to above 20%, which is 
almost an order of magnitude higher than samples grown on planar GaN and 
close to the theoretical limit of 25% for a defect-free material. Among the InN 
samples grown on nanoporous GaN, a higher V/III ratio of 55,000 adopted 
during growth led to higher IQEs of above 20%, compared to an IQE of 11% 
obtained from a sample grown at a lower V/III ratio of 30,000. The difference 
is attributed to additional grain boundary defects when InN nanoislands 
nucleate and coalesce rapidly at low V/III ratios. 
Further improvements in the IQE may require a substantial reduction 
in Auger recombination rates, which may be particularly challenging if Auger 
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Chapter 7 : Conclusion 
7.1. Summary 
As a direct semiconductor capable of emitting infrared radiation at the 
1.55 μm region, InN can potentially be adopted in optoelectronics applications 
involving fibre-optics communications. Coupled with GaN, it enables future 
integration of fibre-optics optoelectronics with GaN high-power electronics, 
leading to cost and energy savings in the telecommunications industry. 
Together with several other advantages of an InN/GaN optoelectronics system 
over conventional InGaAsP/InP ones, it is worth pursuing InN for 
optoelectronics applications. 
In this thesis, InN samples were prepared by metal organic chemical 
vapor deposition (MOCVD) growth on GaN epilayers. The use of the 
MOCVD process has practical significance as it enables large-scale processing 
and is routinely used in manufacturing GaN-based light emitting diodes and 
transistors. Nevertheless, MOCVD growth of InN is particularly challenging 
due to low growth temperatures and large lattice mismatches, resulting in 




), rough morphologies, 





The optical emission properties of InN were investigated in detail by 
performing photoluminescence (PL) measurements at different sample 
temperatures and laser excitation powers.  Several theoretical models were 
developed to analyze the emission data rigorously. Optical emission from InN 
was found to obey a ‘band-to-tail’ model with radiative recombination 
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between degenerate electrons in the conduction band and photoexcited holes 
in the valence band tail. The ‘band-to-tail’ PL lineshape model was also useful 
in measuring free electron concentrations and in explaining unusual thermally-
induced blue-and then-red spectral shifts. 
Non-radiative recombination from Auger and Shockley-Read-Hall 
(SRH) processes in InN results in less than ideal internal quantum efficiencies 
(IQEs) at 300 K. Auger recombination was found to be dominant at 
temperatures below 77 K when it caused the PL intensity to increase sub-
linearly (rather than linearly) with the laser excitation power. Both Auger and 
SRH recombination are thermally activated processes with activation energies 
of 11 meV and 55 meV respectively. The high activation energy of SRH 
recombination centers means that these centers become more active with an 
increase in temperature, resulting in them overtaking Auger recombination as 
the dominant recombination mechanism at 300 K. The high SRH 
recombination rates were found to be responsible for lowering the IQE to as 
low as 3% for some InN samples and were attributed to high dislocation 
densities. 
New techniques of InN epitaxy on GaN improved the crystal quality of 
InN substantially and resulted in improved IQEs. Nanoporous GaN templates 
were prepared by UV-assisted electrochemical etching. This was achieved by 
etching the surface of planar GaN substrates with 5.0 M KOH under 
illumination by UV light and with an electrical current passing through the 
GaN film. The process created an extensive network of sub-100 nm nanopores 
in the otherwise smooth planar GaN film. The nanoporous GaN substrates 
were able to accommodate misfit stress better than conventional planar GaN 
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substrates during InN growth, resulting in the IQE improving significantly to 
more than 20% in nanoporous samples. The activation energy for SRH 
recombination of InN grown on nanoporous GaN is the same as that of InN 
grown on planar GaN. Thus, the improvement in the IQE is due to the 
reduction in the density of SRH recombination centers by a factor of more 
than 20. 
Other than using nanoporous GaN substrates, InN’s growth process 
was also improved by performing surface treatment with InGaN and by 
adjusting the V/III ratio. These techniques significantly improved InN’s 
morphology. Together with nanoporous GaN, the InGaN surface treatment 
lowered surface energies during InN nucleation, resulting in better growth 
uniformity and smoother material. Unlike the nanoporous samples, the InGaN 
surface treatment procedure was unable to improve InN’s IQE significantly.  
Lower V/III ratios enabled faster growth rates especially on 
nanoporous substrates, but could have created more nitrogen vacancies 
resulting in material with higher free electron concentrations. Higher free 
electron concentrations lead to spectral broadening and create difficulties in p-
doping during device fabrication. A combination of nanoporous GaN, InGaN 
surface treatment, and high V/III ratios enabled growth of a smooth and 
uniform film with high optical emission efficiencies. 
Overall, this thesis described a research effort into InN that involves an 
iterative process between optical characterization and crystal growth, as 
summarized in the schematic diagram shown in Fig. 7-1. This led to improved 
understanding about the optical emission behavior of InN and enabled growth 
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of higher quality material with better optical emission characteristics that are 
more suitable for optoelectronics applications. It is hoped that the improved 
fundamental understanding will be useful in future efforts utilizing InN in 
practical optoelectronics applications. 
 
Fig. 7-1: Schematic diagram illustrating the iterative process between optical 
characterization and growth improvements of InN.   
7.2. Future work 
7.2.1. Reducing free electron concentrations 
It is necessary to reduce the free electron concentration in InN further. 
While lower free electron concentrations can be expected to result in narrower 
optical emission spectra (see Chapter 4, Section 4.3), it is also linked to higher 
electron mobility which is useful for electronics applications (see Chapter 1, 
Section 1.2.2). In addition, lower free electron concentrations allow p-doping 
to be performed, enabling applications in light emitting diodes and solar cells. 
The growth techniques discussed in the thesis had limited effects in 
reducing the free carrier concentrations of InN. Free electron concentrations of 
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InN samples grown on planar GaN, InGaN-treated planar GaN, and 
nanoporous GaN were calculated by PL lineshape fitting and compared in Fig. 
7-2. As discussed in Chapter 4, Section 4.3, the free electron concentration at 
300 K calculated by PL lineshape measurements compares well with Hall-
measured values, but the PL lineshape procedure has the additional advantage 
of being applicable to discontinuous materials like InN nanoislands, which 
cannot be characterized by Hall measurements. 
 
Fig. 7-2: Free electron concentration at 300 K of InN samples grown on 
different types of GaN substrates: planar GaN (circles) – Samples A3 and A4, 
InGaN-treated planar GaN (squares) – Samples C1, C2, and C3, and 
nanoporous GaN (triangles) – Samples B3 B4, and B6, at different V/III 
ratios. 
Generally, the free electron concentration decreases at higher V/III 
ratios as growth proceeded in a less nitrogen-deficient environment that 
creates fewer nitrogen vacancies. Growth with InGaN surface treatment on 
planar GaN and with nanoporous GaN also led to lower free electron 
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concentrations, although the mechanism behind it is unclear at the moment. 
Overall, these techniques led to rather marginal improvements with the free 









Therefore, more investigations are necessary to reduce the free electron 




. Further increases in V/III ratio 
results in very slow grow rates leading to prohibitively long growth durations 
of several hours. Annealing the sample in the MOCVD chamber under 
flowing nitrogen gas was previously performed by another group at 550
o
C for 
one hour [102]. The procedure was able to reduce free electron concentrations 





, which is not significantly lower than those from our work as shown 
in Fig. 7-2. Alternatively, compensation doping with Mg or other Group II 
elements or annealing in different gaseous ambients can be performed, all in a 
bid to further reduce free electron concentrations.  
7.2.2. Device applications 
With better crystalline quality of InN being achieved, the material can 
be fabricated into a device. For light emitting or laser diodes, it is necessary to 
fabricate a p-type layer to inject holes into the InN active layer. One such 
combination was demonstrated earlier with growth of InN on p-GaN, resulting 
in an n-InN/p-GaN single junction light emitting diode [33]. 
To obtain higher efficiencies with better confinement of carriers and 
light, it is preferable to construct a double-heterojunction device with InN 
sandwiched between two materials of a larger band gap. This can be obtained 
by growing a p-GaN capping layer on n-InN/n-GaN to form a double-
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heterojunction p-GaN/n-InN/n-GaN light emitting diode. However, in a 
typical InGaN visible-light light emitting diodes, the p-GaN is normally grown 
and annealed at above 800
o
C. At these elevated temperatures, the InN active 
layer decomposed and formed In doplets. Therefore, a two-step growth of the 
p-GaN layer with an initial low temperature step may be necessary, but the 
poor quality of GaN grown at low temperatures may result in poor device 
performance. 
High emission efficiencies from InN can be obtained in quantum wells 
and quantum dots. For sufficient emission intensities, multiple (> 3) layers of 
quantum structures that are less than 10 nm thick are required, separated by 
barrier layers with a larger band gap (e.g. GaN). However, smooth barrier 
layers are difficult to achieve at low temperatures of below 600
o
C [103], 
inhibiting the realization of practical devices. Moreover, size quantization 
effects in quantum structures can cause the emission spectra to blue-shift away 
from the commercially-important 1.55 μm region [104]. 
7.3. Concluding remarks 
The key findings discussed in the thesis contributing to the field of InN 
research are summarized in this chapter. New techniques involving the 
epitaxial growth of InN on GaN were developed, resulting in materials of 
improved crystalline quality and optical emission efficiencies. The 
investigations also led to improvements in the fundamental understanding of 
the recombination mechanisms leading to optical emission. 
Despite the progress, there are still several issues that have to be 
addressed, before InN can be adopted in 1.55 μm optoelectronics, or also in 
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photovoltaic and electronics applications. Here, high free electron 
concentrations and difficulties in device fabrication are highlighted for further 
attention. Nevertheless, the author is optimistic that with further breakthroughs 
over the next few years, InN can be feasible in practical 1.55 μm 




A.1. List of MOCVD-grown InN samples 






V/III ratio during 
InN growth 
InN growth duration 
(min) 
InN’s morphology# 
A1 InN/Planar GaN/c-sapphire x 55,000 10 Coarse nanoislands 
A2 InN/Planar GaN/c-sapphire x 55,000 20 Coarse nanoislands 
A3 InN/Planar GaN/c-sapphire x 55,000 60 Coarse nanoislands 
A4 InN/Planar GaN/c-sapphire x 30,000 20 Coarse nanoislands 
B1 InN/Nanoporous GaN/c-sapphire x 55,000 10 Fine nanoislands 
B2 InN/Nanoporous GaN/c-sapphire x 55,000 20 Fine nanoislands 
B3 InN/Nanoporous GaN/c-sapphire x 55,000 60 Fine nanoislands 
B4 InN/Nanoporous GaN/c-sapphire x 30,000 20 Fine nanoislands 
B5 InN/Nanoporous GaN/c-sapphire
**
 x 55,000 10 Fine nanoislands 
B6 InN/Nanoporous GaN/c-sapphire
***
 √ a) 30,000 b) 55,000 a) 40 b) 60 300 nm thick film 
C1 InN/Planar GaN/c-sapphire √ 55,000 40 Fine nanoislands 
C2 InN/Planar GaN/c-sapphire √ 30,000 40 Fine nanoislands 
C3 InN/Planar GaN/c-sapphire √ 15,000 40 200 nm thick film 
[Continued on next page]  
    
127 
 
[Continued from previous page] 
    D1 InN/Planar GaN/c-sapphire x 13,500 (D180)
##
 50 350 nm thick film 
D2 InN/InGaN/GaN/c-sapphire x 13,500 (D180)
##
 50 350 nm thick film 
D3 InN/AlN/Si(111) x 13,500 (D180)
##
 50 350 nm thick film 
D4 InN/InGaN/GaN/AlGaN/AlN/Si(111) x 13,500 (D180)
##
 50 350 nm thick film 
Remarks: 
*Details about growth experiments available in Section 3.3.  
** Nanoporous GaN sample etched for 10 min (other samples in B series were etched for 60 min). 
*** Two-step growth at different V/III ratios. 
# Details about coarse and fine nanoislands discussed in Chapter 5 and 6. 




A.2. Calculation of dislocation densities by X-ray diffraction 
In III-N materials, threading dislocations are usually aligned in a 
direction normal to the surface [105], and can have a screw, edge, or mixed 
character. They cause misorientation in the lattice structure that results in the 
broadening of an ω scan for an (hkl) plane. The peak profile obtained by an ω 
scan as shown in Fig. A2-1 can be fitted with a Pseudo-Voigt function f(ω) 
which contains both Lorentz and Gauss components [106], 




     
         
       
     
       
 
 
    
     
   
  
 (A2.1)  
The peak profile’s full-width at half maximum Δωhkl and its fraction of 
Lorentzian character f are obtained as a result of the fit. 
 
Fig. A2-1: A typical ω scan profile by high resolution XRD. Data is taken by 
scanning the InN (002) plane of Sample C3 and is fitted with a Pseudo-Voigt 
function, which can measure the full-width at half maximum Δωhkl and the 
profile shape factor f indicating the fraction of Lorentzian character in the 
lineshape. 
Screw dislocations in a c-oriented material have Burgers vectors 
normal to the symmetric (00l) planes, resulting in lattice tilts Δωtilt which are 
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measurable by ω scans at a (00l) reflection. In these symmetric scans, χ = 0 
where χ is the inclination angle of the crystal planes relative to the surface 
normal (See Fig. 2-9 in Chapter 2 for the geometry of the χ angle). Edge 
dislocations do not broaden symmetric (00l) scans as their Burgers vectors lie 
within the (00l) plane.  
 
Fig. A2-2: Lattice twist Δωtwist of a GaN sample estimated by extrapolating 
Δωhkl values to χ = 90
o
. Note the large number of data points required for a 
reliable curve fit using Eq. A2.4. Figure obtained from Ref. [78].  
On the other hand, edge dislocations broaden the (h00) reflection at χ = 
90
o, resulting in lattice twist Δωtwist, while both tilt and twist from screw and 
edge dislocations respectively contribute to the ω broadening of off-normal 
(h0l) reflections (0 < χ < 90o). Since the (h00) reflection is not accessible by 
most XRD systems, Δωtwist is usually estimated via ω scans of several (h0l) 
planes under the skew-symmetric geometry. Usually, the data is extrapolated 
using an appropriate curve fit to obtain the Δωtwist value at χ = 90
o
 as shown in 
Fig. A2-2. Numerous data points are necessary for an accurate extrapolation. 
This tedious process is avoided in our linear fitting procedure which will be 
described as follows. 
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Δωtilt and Δωtwist are related to dislocation densities with a screw 
(Dscrew) or edge (Dedge) character respectively according the following 
expressions, assuming random distribution of dislocations [107-108]: 
        
      
 
      
 (A2.2)  
       
       
 
      
 (A2.3)  
where a and c are the in-plane and out-of-plane lattice parameters respectively 
and Δωtilt and Δωtwist have units in radians. For InN, a = 3.539 Å and c = 5.708 
Å [108]. 
 For a highly dislocated material like InN, Δωhkl is related to Δωtilt and 
Δωtwist by [108-109]: 
      
              
               
   




 (A2.4)  
where the correlation length L is the statistical distance between dislocations, 
K = 2sinθ/λ is the magnitude of the reciprocal lattice vector, with θ and λ being 
the Bragg angle and X-ray wavelength respectively. n = 1 + (1 – f)2 where f is 
the fraction of Lorentzian character calculated in the Pseudo-Voigt fit earlier. 
n assumes a value between 1 (purely Lorentzian) and 2 (purely Gaussian). For 
symmetric reflections about (00l) planes where χ = 0, the expression can be 
simplified into:  
          
            
          (A2.5)  





. The (002), (004), and (006) reflections are accessible in 
XRD and provide three data points for an accurate linear fit as shown in Fig. 
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A2-3a. This procedure is frequently described in literature as a Williamson-
Hall plot [105-106].  
 
Fig. A2-3: (a) Lattice tilt Δωtilt calculated using Eq. A2.5. (b) Lattice twist 
Δωtwist calculated using Eq. A2.6. Data obtained from Sample C3 (Δωtilt = 
0.480
o
, Δωtwist = 0.559
o
) by performing XRD ω scans about the indicated InN 
crystal planes. 
Once Δωtilt is known, Eq. A2.5 can be rearranged into: 
         
                
                 
         (A2.6)  





] vs. (Ksinχ)n. The (101), (102), (103), (201), (202), (203), and 
(302) form a set of (h0l) planes suitable for skew-symmetric ω scans and their 
results are shown in Fig. A2-3b. Interestingly, the data points fall into three 
regions corresponding to (10l), (20l), and (302) planes. This is because Ksinχ 
= 1.15(h/a) (See Appendix A3), which is independent of l.  
For quick measurements of Δωtwist, we would recommend the (101), 
(201), and (302) planes due to their higher intensities compared to other (h0l) 
planes, resulting in only three data points required for the linear fit, as opposed 
to numerous data points required for a curve fit (Fig. A2-2). This adaption 
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retains the theoretical model originally proposed by Lee and West [78], but 
involves a more reliable and less tedious data fitting process. 
A.3. Angle and distance between hexagonal planes 
The angle χ between two hexagonal planes: (h1 k1 l1) and (h2 k2 l2) is 
given by the following expression [110]: 
     
           
 
               
   
   
       
    
    
        
   
   
   
     
    
        
   
   
   
  
 (A3.1)  
where a and c are the in-plane and out-of-plane lattice parameters respectively. 
In the specific case of the angle between a (h0l) plane and the c-plane (00l’): 
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The distance d between hexagonal planes (hkl) is given by the following 
expression from Ref. [111]: 
                               (A3.4)  
 
For (h0l) planes: 
                         (A3.5)  
 
We get, after combining and simplifying Eqs. (A3.3) and (A3.5), 
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